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Abstract
At this time, the significance of superconductivity is increasing as a result of our increased
need for clean electrical energy. It has become important to find innovative solutions for the
production of energy and for reducing the losses due its transportation. This requirement makes
it attractive to use the special properties of high-temperature superconductors. Products such
as sensitive superconducting quantum interference (SQUID) devices based on the Josephson
Effect, high-speed floating trains, low loss cables, highly efficient motors, high-field magnets
for magneto-resonance imaging, and power generators are now arriving on the market. The
requirement for a high-temperature superconductors material that has a high critical current
and can tolerate high fields needed for all of these. The YBa2Cu3O7-x (YBCO) superconductor
has been considered as one of most popular and thoroughly studied materials for the past two
decades.
This is because of its high critical temperature (Tc), which is above 91 K, its high transport
currents, and its technological effectiveness, which makes it possible for an YBCO application
to work in all areas of microelectronics and industrial power applications. On the other hand, a
high electrical current is needed for most of the practical applications of YBCO that require
transport under a magnetic field with low losses, which means that a high in-field critical
current density (Jc) is required. The factors that control the current carrying capacity of this
material impose criteria for its successful technological development, and there is a need to
clear understand them.
Consequently, much research has been carried out that was mainly focused on the Jc
improvement of YBCO thin films. The use of a magnetic environment is one of the most
effective ways. An investigation has been carried out in this thesis work on a hybrid system
that consists of superconducting YBCO thin films enclosed by ferromagnetic iron. A
magnetization measurement was incorporated, and current densities of the thin films were
extracted. A comparison between these characteristics and the transport current values was also
made. It is evident from the measurements that the maximum critical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜

(known as the overcritical current density) can surpass the critical current density 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

obtained in the same thin films without the iron environment. The results indicate that the
critical current density is highly dependent upon the iron environment’s location, the
iii

dimensions of the iron magnets, the distances between the thin films and the magnets and the
orientation of the outer field. The current density enhancement is attributed to the magnetic
interaction among the superconducting thin films and the soft ferromagnetic iron environment.
This result of this interaction is likely to be a rearrangement of supercurrents within the films,
eliminating excessive stray fields near the corners of the thin films and thus resulting in a more
homogeneous supercurrent distribution. The entrance of magnetic flux in the form of vortices
is prevented through this, and therefore, the critical current densities that are determined by
vortex pinning turn out to be less relevant. It is shown that the choice of the iron environment
affects the manipulation of the critical current density.
Furthermore, a study has been carried on the angular dependence of the magnetization
measurements in YBCO in the angular range of 90o to 30o between the sample surface and the
magnetic field for various frequencies ranging from 10 to 60 Hz. When a vibrating sample
magnetometer (VSM) was employed, it was seen that an effect was exerted on Jc during these
measurements with increasing angle and frequency. As a function of applied magnetic field
(Ba), the increase in the angle and vibration frequency leads to a progressive reduction of Jc.
There is a significantly stronger effect of the vibrations that increases the angle, irrespective of
temperature changes. This frequency develops kinks on the Jc(Ba) curves that indicate some
specific vortex state/motion disturbance, and as the angle and frequency 𝑓𝑓 increase, the kinks
become more pronounced.

Through analyzing the magnetization loops, it was observed that there was an asymmetry of
the vibration frequency effect in descending and ascending Ba, which is due to the variations
in the free energy of the resultant vortex structures. It was demonstrated through the critical
current Jc(Ba) measurements with the magnetic field sweep rate proportional to the frequency
of vibration that a scaling behavior of the vibration induces suppression of the critical current,
even with no thermal induction.
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Chapter 1
1.1 Introduction
In 1986, the high-critical-temperature (Tc) superconducting materials were discovered, and
from than onwards they have become the centre of attraction for investigators, as they have the
capacity to carry large transport currents without any energy losses. The effectiveness of these
materials means that they can be applied in electric power systems, such as superconducting
power transmission lines, generators, transformers, and motors where resistive conductors are
replaced by superconductors [7, 8]. At the end of the ’90s, the Powder-in-tube (PIT) wires or
tapes were the primary ones that were available for the electromagnetic implementation or
power transmission lines that were based upon these so-called type-II superconductors. The
PIT method consists of filling a metal tube with superconductor (SC) powder and then drawing
it into a wire. This wire can be further rolled in order to form a strip. The powder-in-tube
operation can be applied only to thallium (Th) or bismuth (Bi) based oxide SCs, as they both
will form sheet-like microstructures after the mechanical distortion. Note that, the PIT is not
used for yttrium barium copper oxide as it does not have the weak layers required to generate
adequate 'texture' (alignment) in the PIT process. When a strong magnetic field is applied this
first generation of PIT superconductor tapes will suffer from serious degeneration of the critical
current density [9]. This deterioration is associated with the irreversibility field Birr of the HTS,
above which magnetic vortices melt or decouple between different superconducting layers.
Even though BSCCO has a higher upper critical field than YBCO it has a much lower
irreversibility field Birr (typically smaller by a factor of 100) thus limiting its use with high
magnetic field applications[10].
In 1987, yttrium barium copper oxide, typically YBa2Cu3O7-δ (YBCO), was discovered to be
superconducting at the University of Alabama in Huntsville. It was characterized as a secure
substitute for the first generation of PIT superconductors, which possessed a superior capacity
to carry a large amount of critical current in high applied external magnetic fields (Ha), noted,
that Tc = 91 K is the second-highest temperature (the first one is Tc = 110 K for Bi- 2223 phase)
in any materials at ambient pressure that have been ever discovered [11]. Studies were carried
out all over the world on YBCO superconducting tapes, which are known as coated conductors
and are based on the technology of thin films rather than PIT. For the production and evolution
of YBCO, attention needed to be paid to the manufacturing operations required for high-quality
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high-temperature thin YBCO superconducting films, so a number of techniques have been
considered, such as sputtering thermal co-evaporation (STCE), pulsed laser deposition (PLD),
metal-organic deposition (MOD), chemical vapour deposition (CVD), and liquid phase epitaxy
(LPE). Although all these methods are very different from each other, but they are all useful
for the production of the highly-oriented thick superconducting layers that are important for
attaining high critical current (Ic) and high performance in the coated conductors [12-15].
Currently, the main focus of scientists in this field are those manufacturing techniques that are
efficient in the terms of quality of the materials and are cost-effective during ongoing operation
[16]. The predilection for pulsed laser deposition PLD can be regarded as due to its
characteristics as a multi-purpose technique that possess the ability to produce high-quality
films that can be used in the preparation of thin films that have a complex material structure.
Moreover, it has other significant advantages as compared to other deposition techniques, such
as its capability to produce thin films in a wide compositional range in respect to the bulk
materials, and it also has the possibility of avoiding oxygen deficiency in the crystal structure
by making use of oxygen pressure during the deposition [17]. It was also found to be suitable
for the synthesis of high-quality thin superconducting films [18].
The research community have made significant advances in the quest to increase the critical
current density (Jc) in YBCO for high-power applications [9]. Two methods can be used to
implement an increased Jc. The first one is to introduce additional nanoscale defects, for which
there are several practical and viable methods, since these defects will restrain the magneticflux lines, the motion of which will reduce Jc [19]. High-energy neutron or heavy ion irradiation
are the most commonly used methods. Additionally, there is another current approach that
involves the creation of a regular array of submicron defects (metallic, holes, or magnetic dots)
by making use of lift-off and photolithography techniques [20, 21]. Commonly, YBCO is
doped with a non-superconducting dopant, like BaZrO3 (BZO) or BaSnO3 [22].
The second method is the enhancement of the current-carrying ability of superconductor
samples that is based on the protection of the Meissner state by surrounding the superconductor
with a soft magnetic environment [7]. The operational range of magnetic field for a flux-free
Meissner state in type-II superconductors is normally very small, and the supercurrents are
very low and unsatisfactory for the requirements of practical applications [23]. Therefore, it
was shown that, as compared to the bare superconductors over a widely applied external
applied magnetic field (Ba) range, the thin superconductors that were being surrounded by a
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soft magnetic environment with high magnetic permeability (such as iron) exhibited a
significantly higher critical current density Jc(Ba) [23, 24].
An effective approach is considered in this study that shows an improvement in the critical
current density through the prevention of flux entry into a part of sample. Alternatively, it has
also been found that the current distribution is intensely dependent on the magnetic field
distribution in the vicinity of the specimen. Therefore, altering the environment around the
sample will have an effect on the current density distribution.
The focus of the first part of this thesis is an initial study of the characterization of YBCO thin
films that are surrounded by a soft magnetic environment [17], along with an emphasis on the
effect of dimensional change of the magnetic environment. The superconducting properties of
YBCO thin films are very sensitive to changes in the magnetic environment. For understanding
the available technologies to enhance the Jc performance of YBCO thin films and their
superconducting properties through the effects of the magnetic environment parameters, such
as the shape or dimensions of the magnetic environment, measurements of the distance between
the magnetic environment and the superconductor needed to be made. A study of flux
penetration into the YBCO films was also important, as it is known very well that the Jc is
closely related to the flux penetration. An improved Jc could be attained by the prevention or
delay of the penetration of the magnetic field into the sample. There is considerable discussion
relating to the field penetration mechanism in films exposed to various magnetic environments.
So, an important problem has been resolved by the use of thin YBCO films, where rapid
reduction in Jc was observed under high external magnetic fields.
Discussion and practical results are presented in this section to report on the possibility of
change in the magnetization, either because of the external magnetic field or through the
superconducting screening currents that are induced through the magnetic system, which are
especially relevant at lower temperatures.
The second part of this thesis work includes a study of changes in the behaviour of the
superconductor at different frequencies. It focusses on the behaviour of the superconductor
under various ranges of vibration frequency with a change in the angle between the sample
surface and the external magnetic field Ba. It is shown that the vibrations have an impact on the
critical currents of the thin YBCO superconductors films during their measurements by making
use of a vibrating sample magnetometer (VSM) irrespective of the measurement temperature.
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An increase in the frequency of the vibration or a change in the angle results in a progressive
reduction of the critical current density Jc in an applied external magnetic field.
The vibration also has an impact on the thin films that leads to an evolution of kinks in the Jc
(Ba) curves. There is an asymmetry in the impact of the vibration on the ascending and
descending magnetic field branches of the magnetization. Indicating an uneven state of the
vortex lattice in these branches, which was detected by a study of magnetic moment reliance
of YBCO film on applied external magnetic field measured through different VSM settings.
The critical current measurements in YBCO film by making use of the VSM with a magnetic
field sweep rate that changed with the vibration frequency (𝑓𝑓/(𝑑𝑑𝑑𝑑𝑎𝑎 /𝑑𝑑𝑑𝑑)) revealed a strong
non-thermal effect of vibration on the dynamics of vortices.

1.2 Overview of this Thesis

Following is the summary of this thesis;
1. In Chapter 2, the history and fundamentals of superconductivity are reviewed and the
properties of superconductors in magnetic field such as zero resistance and the Meissner
effect are elaborated. It also describes the pinning mechanism in type II
superconductors, and the critical current and enhancement of critical current density
through a soft magnetic environment. In the last section, there is a discussion of the
superconducting properties and applications of YBa2Cu3O7-δ.
2. Chapter 3 discusses the growth of the films and the experimental techniques that were
used for the collection of the data obtained in this thesis.
3. Chapter 4 relates to the magnetization measurements that were performed on YBCO
thin films surrounded by different magnetic environments. It discusses and compares
the critical current density for bare thin film and thin films surrounded by magnetic
environments with different geometries and different distances between the magnetic
environment and the thin film.
4. In Chapter 5, an investigation is carried out on the transport measurements of YBCO
thin films surrounded by different magnetic environments. We compare the critical
current in thin films for both with or without the magnetic environment for different
4

geometries of the magnetic environment and different distances between the thin film
and the magnetic environment. An exploration was conducted on the critical current
behaviour at different temperatures, ranges of field, and field orientations.
5. Chapter 6 examines the effect of the angular dependence and the vibration frequency
on the critical current density and the magnetization of thin YBCO superconductor
films.
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Chapter2
Theory and Literature Review

2.1 Fundamentals of superconductivity
The fundamental reason for the loss of electric power is the electrical resistance R in the power
transmission wire. It is also the reason for high temperature and malfunctions in electrical
appliances. A parameter that is known as resistance of a material 𝑅𝑅, is related to the resistivity,

𝜌𝜌, length, 𝐿𝐿, and cross-sectional area, 𝐴𝐴 of the conductor:
𝐿𝐿

(2.1)

𝑅𝑅 = 𝜌𝜌 𝐴𝐴

Materials are divided in terms of their electrical characteristics by their capacity to carry a
current without the loss of energy into semiconductors, dielectrics, and normal conductors.
Nevertheless, with the reduction of the temperature below a transition temperature known as
the critical temperature 𝑇𝑇𝑐𝑐 of some materials or alloys, the resistance in them suddenly
disappears. This phenomenon is known as superconductivity (SC)[1].

In a Leiden laboratory, helium gas was first liquefied by Heike Kamerlingh Onnes in 1908.
This tremendous achievement enabled him to discover one of the most intriguing phenomena
in nature ‒ superconductivity [25]. It was observed by Onnes in the course of his study of the
electrical resistivity of various metals as a function of temperature, where he found that the
resistance of his mercury sample dropped to zero instantly at a temperature of 4.20 K, as shown
in Fig. 2.1[26]. This property was discovered in many other metals, including Sn, In, Pb, Al,
Nb, and others. Many other alloys and intermetallic compounds were identified as
superconductors [27].
The critical temperature Tc is known as the temperature of the transition from the normal state
to the superconducting state. It was witnessed that the destruction of superconductivity is
possible, not only by warming the specimen, but also by placing it in a relatively soft external
magnetic field, which is known as the critical field (𝐵𝐵𝑐𝑐 ).
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Figure 2.1 Historic plot of resistance (Ω) versus temperature (K) for mercury from the 26
October 1911 experiment showing the superconducting transition at 4.20 Within 0.01 K, the
resistance jumps from unmeasurably small (less than 10-5 Ω) to 0.1 Ω [26].

Gavaler generated thin films in 1973 by using Nb3Ge alloys with binary A3B structure, known
as A15 and having the transition temperature of Tc = 23.1 K [28]. In subsequent years, however,
all the researchers who tried to find a superconducting material with higher critical temperature
were unsuccessful. In 1986 in an IBM laboratory (Switzerland), scientists named Bednorz and
Müller determined the existence of superconductivity in LaBa2CuO4 with a Tc as high as 35
K, which came from a family of layered copper oxides with perovskite-like structures [29].
Through this achievement new doors were opened in the field of superconductor research. Paul
Chu and his colleagues at the University of Houston in Texas made major contributions to the
field of these new high temperature superconductors (the HTS). In 1987 at the University of
Alabama in Huntsville, the superconductivity of an yttrium barium copper oxide compound,
YBa2Cu3O7-x, normally called YBCO, was discovered by Wu et al. It is a Type-II
superconductor that has a transition temperature of 92 K [9]. This was the first time that a
superconductor had a critical temperature that allowed it to be cooled in liquid nitrogen, 77 K,
so it was practical for possible implementation at liquid nitrogen temperatures, which would
enormously improve the performance at a low cost. Fig. 2.2 presents the improvement in the
highest transition temperature of a superconductor from the year 1911 onwards.
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Figure 2.2 The development of the transition temperature, Tc, from 1911 [62].

Pure metals, such aluminium, titanium, lead, tin, and mercury in the superconducting state are
called type-I superconductors [30]. In 1935, Fritz and Heinz London suggested the first
successful theory to demonstrate and forecast a few of the facets of superconductivity [31].
Two new equations were used in addition to the Maxwell’s equations that explained the
electrodynamics of the superconductors without considering the microscopic level occurrences
[32]. A set of equations, named the London equations were used to describe this phenomenon,
i.e., for the local electric and magnetic fields 𝐸𝐸 and 𝐵𝐵:
𝜕𝜕

𝑚𝑚

𝐸𝐸 = 𝜕𝜕𝜕𝜕 �𝑛𝑛

𝑠𝑠 𝑒𝑒

2

(2.2)

𝐽𝐽𝑠𝑠 �
𝑚𝑚

𝐵𝐵 = −𝑐𝑐∇ × �𝑛𝑛

𝑠𝑠 𝑒𝑒

2

𝐽𝐽𝑠𝑠 �

(2.3)

Where the superconducting current density is 𝐽𝐽𝑠𝑠 , which is carried by superconducting electrons

having a density 𝑛𝑛𝑠𝑠 , with m the electron mass and e the electronic charge. Perfect conductivity

is described by the first London equation, because when 𝐸𝐸 accelerates the electrons that are
superconducting no decelerating term exists equivalent to scattering. The second London
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equation is combined with the Maxwell equation ∇ × 𝐵𝐵 =

gives

𝐵𝐵

where

∇2 𝐵𝐵 = 𝜆𝜆2

4𝜋𝜋𝐽𝐽𝑠𝑠
𝑐𝑐

, where c is the speed of light,

(2.4)

𝐿𝐿

𝑚𝑚𝑚𝑚 2

𝜆𝜆𝐿𝐿 = �4𝜋𝜋𝑛𝑛

𝑠𝑠 𝑒𝑒

(2.5)

2

The Meissner effects is described by Equation 2.4 as an external magnetic field that is
exponentially screened from the superconductor interior, that is, it decays over a typical
distance 𝜆𝜆𝐿𝐿 from the surface, which is called the penetration depth. The Meissner effect and the
zero resistance observations are explained through these equations.

Most importantly, Ginzburg and Landau presented another macroscopic phenomenological

theory in 1950. Their theory measures the “degree” of superconductivity as a change in the
density of superconducting electrons by elaborating the supercarrier density through the
wavefunction. It describes what the Ginzburg-Landau (G-L) theory identifies as an order
parameter of the superconducting state that is considered to be zero above Tc and to increase
with a decreasing temperature below it [33].
Both the London and the Ginzburg-Landau theory presented no reason for the occurrence of
superconductivity and there was no microscopic explanation that was available for this purpose
until 1957 when Bardeen, Cooper, and Schrieffer (BCS) suggested a new microscopic theory
of superconductivity, which stated that lattice distortion is the reason why Cooper pairs are
formed or the electrons pair together. Since the Cooper pair acts like a boson, it is able to move
freely without any electrical resistance through the lattice. An energy gap or superconducting
gap is caused by the Cooper pairs, as they reduce the Fermi energy. For the breakage of these
Cooper pairs, enough energy is required to overcome this energy gap.

2.2 The Meissner Effect
Two characteristics are presented by all superconductors: (i) zero resistivity and (ii) The
Meissner effect. In 1933, W. Meissner and R. Oschsenfeld discovered this Meissner effect. It
can be defined as the "expulsion" of a magnetic field (𝐵𝐵 = 0) that passes through a
9

superconducting bulk that is cooled below the Tc in a constant field. This effect takes place
when the temperature is reduced below the transition temperature Tc, and at the same time at
which the resistance drops to zero, electric current loops are formed on the surface of an SC
material (the so-called Meissner currents) [5, 9]. A magnetic field is created through these
electric current loops inside the SC to ensure an external magnetic field. Consequently, perfect
diamagnetism is seen in Fig. 2.3 because of this SC material property.

Figure 2.3 The magnetic field Ba distribution around a superconductor cylinder above and
below its critical temperature Tc.

2.3 Types of superconductors
The superconducting materials were divided into two groups in 1958, depending on their
behaviour in magnetic field: Type I and Type II [34]. These two of the types are divided with
respect to the Ginzburg-Landau parameter κ = 𝜆𝜆/ 𝜉𝜉, where 𝜆𝜆 s the London penetration depth
of the magnetic field and 𝜉𝜉 is the superconducting coherence length between the electrons in

the Cooper pair. 𝜆𝜆 and 𝜉𝜉 are both known as increasing functions of temperature, which
asymptotically incline towards infinity at T=Tc.
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2.3.1 Type I superconductors
A superconductor material that can be classed as type-I must have a superconducting boundary
with positive free energy (which is the case for κ >1/√2), because having a stable system
arrangement requires downplaying the total area of boundaries [35]. If we placed specimen in
longitudinal external field 𝐻𝐻𝑜𝑜 , on increasing the external field, the induction inside the sample
does not change, so 𝐵𝐵 = 0. On increasing the field just above Hc lead to a catastrophic

penetration of the magnetic field throughout the sample, destroying superconductivity
completely, the field penetrates inside the sample and 𝐵𝐵 = 𝐻𝐻0 . The sample is or

superconducting (the Meissner state) or normal state, so there is never a superconductingnormal boundary [36]. We can conclude that the external magnetic field and the magnetic
induction B are interlinked by ways of the expression

𝐵𝐵 = 𝐻𝐻𝑂𝑂 + 4𝜋𝜋𝜋𝜋

(2.6)

The magnetization 𝑀𝑀 is the magnetic moment per unit volume and it curve is often plotted as

−4πM versus Ho, as illustrated in fig 2.4, [37].

Figure 2.4 The Type-I SC (a) B a function of temperature (b) The magnetic field within the
material (B) as the function of applied magnetic field (H).

2.3.2 Type II superconductors
Abrikosov was first scientist use the term "type-Il superconductors'’ where he proposed a
detailed phenomenological theory of these materials based on the GL theory [29] , when ξ > λ,
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the surface energy associated with the boundary between superconducting and normal regions
is positive, whereas when ξ < λ, this surface energy is negative, so that the method of
subdivision into range would advance until it is limited by the microscopic length 𝜉𝜉. This

method of subdivision depending on the range would go on until just before being limited by
the microscopic length ξ. This showed that the distinction point between two ranges was κ

=1/√2, where κ = κ(ξ�λ). In the case of the superconductors considered to have κ =1/√2
Abrikosov stated that, instead of periodical bursts of superconductor activity for a first order
transference 𝐻𝐻𝑐𝑐 , there was increase in the penetration of flux, which was continuous at the start

of the lower critical field 𝐻𝐻𝑐𝑐1 and increased to B = H at a higher critical field 𝐻𝐻𝑐𝑐2 . By partially
accounting for the flux penetration, the diamagnetic energy value for keeping the field out is
minimal, so Hc2 can be greater than the thermodynamic critical field 𝐻𝐻𝑐𝑐 [1].

Type-2 superconductors do not show the Meissner-Ochsenfeld effect over Hc1. For a magnetic
field to penetrate inside these materials, an extraordinary pathway is required. As a sample of
this type, in the form of a long, thin cylinder or ellipsoid is exposed to a decreasing magnetic
field axially oriented with the sample, the increase of magnetization is gradual, instead of
occurring suddenly at the critical field Hc. The magnetization curve for a type-2 superconductor
in the shape of a long cylinder and placed in a longitudinal magnetic field can be seen in Fig.
2.3. The strength of the field is elevated from 𝐻𝐻𝑜𝑜 < 𝐻𝐻𝑐𝑐1 . In the beginning we observe the
cylinder pushing the entire field out of the material, and the average amount of magnetic

induction inside the cylinder is given by 𝐵𝐵 = 0. The meaning of the previous discussion is that
in the beginning the Meissner-Ochsenfeld effect holds and can be observed in the material.
When Hc1 < Ho < 𝐻𝐻𝑐𝑐2 , by continuous action of the magnetic field, a steadily growing field 𝐵𝐵

begins to penetrate inside the superconductor. By staying below Hc2, the external magnetic
field does not affect the superconductivity of the material. By increasing the external field, 𝐻𝐻𝑂𝑂

in the superconductor becomes equal to the external field

𝐻𝐻𝑜𝑜 = 𝐻𝐻𝑐𝑐2 , resulting in the

superconductor achieving the normal state [38]. If we consider the surface layer to be thin,

however, then the superconductivity of the material will remain, even at 𝐻𝐻𝑜𝑜 > 𝐻𝐻𝑐𝑐2 until
the 𝐻𝐻𝑂𝑂 = 1.69 𝐻𝐻𝑐𝑐2 value is reached. The third critical field denoted by Hc3 [9] is strong enough
to eliminate the superconductivity in the surface layer.
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Figure 2.5 Type-II SC: (a) B a function of temperature (b) The magnetic field within the
material (B) as a function of applied magnetic field (H).
With the advent of technology, the superconducting materials have gained popularity for their
various uses in high powered applications. The materials which can be termed as type-II,
possessing the Ginzburg-Landau parameter where the value for 𝑘𝑘 is greater than 1⁄√2, have
various possible applications, since these materials have almost zero resistance to passing
constant currents through them while being in the presence of external magnetic fields, which

endows them with much greater ability than what their thermodynamic critical field allows
(since most important materials have a greater thermodynamic critical field compared to those
of type-I materials). These practical features of type-II superconductors are due to the partial
magnetic flux that penetrates inside the superconductor for a range of magnetic field strengths
in the so-called mixed states. The advantage of type-II superconductors residing in the mixed
quantum states is that they can carry a current larger than for type-I superconductors, since the
flow of magnetic field passes through the bulk rather than just penetrating the surface layer
[39].
This mixed state also called Shubnikov phase is one where the magnetic field penetrates the
region between 𝐻𝐻𝑐𝑐1 and 𝐻𝐻𝑐𝑐2 . The magnetic field penetrates as quantized vortex filaments, each

carrying a quantum of flux:

𝛷𝛷0 = ℎ�2𝑒𝑒 = 2.07 × 10−15 Tm2
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(2.7)

(ℎ = Planck’s constant and 𝑒𝑒 = electron charge). Consider a 100% pure material, which means
one that doesn’t have any pinning centres. The density and flexibility of flux lines can change
depending on the strength of the applied field. Nonetheless, a high temperature superconductor

is not homogeneous because of impurities present in it, and this results in flux lines becoming
pinned and the creation of an energy barrier, which needs to be overcome before the flux lines
can change their density and flexibility [40]. The material inside of the vortex would become
non-superconducting due to the magnetic field interrupting the vortex by enshrouding it. The
number of vortices would increase as the strength of the external magnetic field is increased,
until it reaches the upper critical magnetic field Bc2, at which point the superconductor material
is unable to support an increase in the number of vortices, resulting in the eradication of
superconductivity. The theory proposed by Abrikosov predicted that the vortices would
narrow, forming thread like channels so as to better facilitate the penetration of magnetism
inside the superconducting material. Abrikosov predicted that these threadlike channels would
form a lattice framework inside the superconducting material, and his theory also predicted that
there would be an increase in the number of vortices when the strength of the external magnetic
field was raised and loss of superconductivity in the material when it reached the upper
threshold and overlapping vortices were formed [31].

Figure 2. 6 The vortex state, showing normal cores and encircling SC vortices. The
perpendicular lines represent the flux threading the cores. The surface current maintains the
bulk diamagnetism [22].
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2.4 Pinning mechanism in type II superconductor
Even considering that YBCO is an ideal superconducting material of type-II, it does not find
its uses in power-oriented applications, since the magnetization produced is reversible, causing
only small critical current densities to form and making its use unattractive for implementations
requiring high power. The vortices in a mixed state repel each other, so they will order in a
uniform pattern to maximize the distance between nearest neighbours. Fig 2.6(a) illustrates the
hexagonal line lattice formed with superconducting vortices. Superconductors in the mixed
state with current applied on them, show a force acting upon them such as Lorentz force, ( ���⃗
𝑓𝑓𝐿𝐿 =

�����⃗0 × 𝐽𝐽⃗) which acts upon each vortex (where ���⃗
𝛷𝛷
𝑓𝑓𝐿𝐿 is a Lorentz force per unit length of the vortex,
𝐽𝐽⃗ is a current density) [5]. A change from electrical energy to heat energy results, due to the

above-mentioned forces causing the vortices to move at right angles to the current flow and
ultimately leading to dissipation of energy in the form of heat. The sample shows electrical

resistance in this instance because this energy can only be taken from the transport current by
means of an electrical voltage [36]. The interaction of the current with the vortex determines
the Jc of type-II superconductors, so that Jc is highly dependent upon the magnetic field.
Considering the case where the Lorentz force overcomes the pinning force, the vortices move,
resulting in generation of an electromotive force, which leads to dissipation, as shown in Fig.
2.6(a). Different categories have been assigned for this motion which, takes place due to
thermal activation, which causes the dissipation of energy in the form of heat, thus making
such superconductors unsuitable for high powered application [41].
�⃗ ,whereas
In Figure 2.6 (b), the movement of the vortices can create an electric field ( 𝐸𝐸�⃗ = 𝑣𝑣⃗𝐵𝐵

�⃗ motion with respect to speed v), and
𝐸𝐸�⃗ is an electric field appearing due to the magnetic field 𝐵𝐵

the energy loss can be determined when a current with density J is flowing, by using the

equation 𝐽𝐽𝑐𝑐 = 𝐸𝐸 • 𝐵𝐵 ∙ 𝐵𝐵𝑐𝑐1 [9]. For this type of superconductor, its Jc should be low
theoretically, since it is a high temperature SC. Additionally, loss of energy leads to loss of

superconductivity in the superconductor, which favours the transition from the
superconducting state to the normal state. The movement of the vortices needs to be stopped,
for this material to have applications with higher power requirements. To increase the Jc, the
movement of the vortices needs to be stopped, which can accomplished by introducing specific
impurities into the material to act as pinning centres for pinning the flux lines out so that the
vortices are prevented from moving. As a result of impurities in the superconductor, there are
forces on the vortices to keep them restricted or pinned at the locations of the defects. When
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the pinning force FP is larger than the Lorentz force FL, the vortices are pinned to the pinning
centres. For, FP < FL, the flux begins to move, and the resistance is no longer zero. An
important aspect of superconductor science is engineering the pinning centres for maximum
benefit. Due to the ability to carry high currents in the Shubnikov phase, also the ability to
sustain higher critical temperatures and critical magnetic fields (Bc2), type-II superconductors
with convenient pinning properties are appropriate for potential applications [9].
The inherent flexibility of vortex lines enables them to simultaneously seek and attach to many
pinning defects at different locations along its length and to move in intricate dynamic
configurations as vortex segments detach and attach from one defect site to another. Disorder
caused by different types of crystalline defects plays a very special role in the physics of vortex
matter because it is responsible for pinning and immobilization of vortices, thereby improving
the capability of the superconductor to carry dissipation-free currents. The types of defects are
pointlike pinning centers (impurities, vacancies, inclusions), one dimensional defects
(dislocations, irradiation tracks), and two-dimensional defects (twin boundaries, stacking
faults). One- and two-dimensional defects are also referred to as correlated pinning sites.
Point defects are the most typical and most studied pinning centers. The interaction of an
isolated pin with a vortex is characterized by the pinning energy and the pinbreaking force.
One can separate weak pins, e.g., atomic defects, from strong pins, which have dimensions
comparable to the coherence length.[42].

2.4 Critical Current Density
Type-II superconductors have derived most of their practical implementation from their ability
to carry large currents without the loss of energy. Most implementations require
electromagnets, transformers, superconducting power transmission cables, rotating machines,
or fault current limiters, or they are small-scale electronic applications such as passive
microwave devices and devices based on the Josephson effect with the ability to carry high
non-dissipative current. The resistive conductors show much poorer performance compared to
superconductors with their ability to carry high currents, allowing smaller and more efficient
machines to be made [43]. For a type-II superconductor, the flux lines Hex > Hc1 enter a
superconductor specimen in the form of Abrikosov vortices and start to move under the

16

influence of the Lorentz force. The movement of the vortices cause local electrical fields to
form, consequently leading to energy diffusion.
The critical current value depends on the size of the superconductor, and thus, for a description
of optimal conditions for various superconductors, a size-independent parameter, the critical
current density Jc, is widely used [44]. Jc is defined as the critical current 𝐼𝐼𝑐𝑐 per cross-sectional

area of a superconductor (S): 𝐽𝐽𝑐𝑐 = 𝐼𝐼𝑐𝑐 /𝑆𝑆 . In type-II SCs, 𝐽𝐽𝑐𝑐 can be on the order

of 109 to 1011 A m−2. The value of 𝐽𝐽𝑐𝑐 is strongly dependent on the applied field and

temperature[45] .

2.5 Enhancement of Critical Current Density
Jc (the critical current density) is an important property of high temperature SCs (HTSs), which
is required to comprehend the physical aspects as well as determining implementations for
superconductors [40]. The enhancement of critical current density has required a large amount
of work. Flux pinning is the pivotal property which determines the superconductivity of a
coated superconductor. The critical current density Jc can be improved in two different ways.
The first method is done by producing a pinning force that can pin the vortices, preventing the
vortices from moving, and the second method is to decrease the magnetic field that can
penetrate the sample. There are a number of impurities that act as artificial pinning centres
(APC) described as one dimensional (1D-APC) centres, such as dislocations [32, 34, 46] and
nano-rods [47]: two-dimensional APCs (2D-APC) centres, such as grain boundaries [48, 49] ,
anti-phase boundaries [50-53], and surface roughness and three-dimensional (3D-APC)
centres, such as nanoparticles and second phases [54] of size ξ or more. Effective pinning
centres require various type of film deficiency, as illustrated in Figure 2.7. Additionally, some
artificial pinning centres such as antidot (holes) or magnetic dots might offer some good
opportunities for Jc [55, 56].
Reducing the actual magnetic field inside the superconductor or producing a homogeneous
magnetic field are plausible ways to improve the critical current density Jc. Since a decrease in
the critical current density and an increase in the magnetic field Ba are inversely proportional,
reducing the magnetic field inside the sample will lead to an increase in this critical current
density [7]. Different types of research have been done in the past to study the effects of the
magnetic interaction for different geometries of ferromagnetic materials and superconductors
[7, 23, 57].
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Figure 2.7 The dimensionality of synthetic pinning centres (APC): 1D-APC, 2D-APC, and
3DAPC [45].

2.5.1 Ferromagnetic Nanoparticles and Compensation
Nanoparticle is an expression used for those materials in which at least one dimension lies in
the range of 1 nm to 100 nm. Materials with unpaired electrons have a net magnetic moment,
which allows them to act as ferromagnets, such as iron, nickel, and cobalt, which can also form

nanoparticles [58]. In the past few years, magnetic nanoparticles have aroused the interest of

many scientists due to the possibility of enhancing the critical current density by improving
flux pinning. An example such as the stray field of the particles strongly regulating the order
parameter in the underlying superconductor is often ignored but can occur. Additionally,
incorporation of ferromagnetic nanoparticles having a diameter 𝜉𝜉 < 𝑑𝑑 < 𝜆𝜆, might have a

similar effect to magnetic environment by decreasing the magnetic field inside the
superconductor and also by acting as independent pinning centres.

Recently, works on low temperature superconductors have been done where concentrated
ferromagnetic particles are deposited on the surface or inside the surface layer [38]. Martin et
al. have successfully utilized a lattice of ferromagnetic dots (Fe or Ni) in creating a periodic
array of artificial magnetic pinning centres on superconducting Nb films [35]. This result
inspired Lange et al. to experiment on Pb thin films decorated by Co/Pd ferromagnetic
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particles. Considering the above sample as if it were simultaneously be affected by a
homogeneous field then, some parts of the superconductor could be enhanced. In addition, it
was possible to even restore superconductivity in a certain parameter range with the addition
of magnetic field [59]. In other studies, submicron Co particles were placed on a thin Pb film,
and their effect on the magnetic response of a superconductor was investigated by Van Bael et
al. and Moschalkov et al [60]. Furthermore, it was found that a pronounced matching impact
coupled with a periodic lattice of magnetic particles made an effective 2D pinning array. With
respect to the direction of the magnetic field and current, an increase in Jc was observed.
Seeing the positive aspects of these method, theoretical models of magnetic field and critical
current were created to investigate the responses of thin superconducting films with magnetic
particles placed on the top [61]. Rizzo et al. used ferromagnetic nanoparticles embedded in
NbTi wires to achieve a larger pinning strength compared to nonmagnetic Ti impurities [58].
This enhancement was caused by the absence of the proximity effect in ferromagnetic metals,
which led to more effective suppression of the superconducting order parameter. Nonetheless,

only those nanoparticles smaller than the coherence length (about 5 nm for MgB2) would be
effective for this mechanism, and non-metallic pinning centres would be useless [62]. Although
conceptually important, these studies focused on a specific case of magnetic particles on (or
close to) the surface of a thin superconducting film. The question of bulk magnetic pinning
remained unexplored.

2.5.2 Enhancement of the Meissner current by a soft magnetic
environment
In type-II superconductors such as YBCO, an increase in critical current density can be
achieved by enhancing their pinning strength, but this has its consequences, since it will cause
the microstructure to deteriorate, Furthermore, this deterioration will lead to the deterioration
of other superconducting properties such as the critical temperature Tc [63]. Additionally,
magnetic fields (including self-field of the current) smaller than the lower critical field of the
material field Bc1 allow for a flux-free Meissner state, and there is no diffusion, even though
the field Bc1 is too small for a practical low-Tc SC and much too small for a high-Tc SC, which
easily aids in overriding the flux-free Meissner state [7]. On the other hand, in the flux-free
Meissner state the current flows only in a thin surface layer of a bulk SC or mostly along the
edges of a superconducting strip. This restricts effective usage of the interior of the
superconductor and results in a low average value of the total transport current.
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The aim of this study is the improvement of the flux-free Meissner current through a soft
magnetic environment. The flux-free Meissner current distribution is heavily dependent on the
magnetic field distribution in the specimen’s vicinity, and therefore, when a superconductor is
surrounded by a soft magnetic environment it will lead to a modification of the current density
distribution. Particularly when the perpendicular magnetic flux component is shielded by a soft
magnetic material on the edges of films, a reduction in the flux entry occurs, which thereby
stabilizes the Meissner state in thin films up to limited values of external applied field Ba [24].
This condition is called the overcritical state [7]. To support this study, we will discuss the
significant theories and previous studies in this area.
For the past three decades, the main focus of the developers of the superconductors was
modifying the current distribution and flux in superconductors through changing the magnetic
environment of the specimen. It was theoretically predicted by Majoros et al. that a magnetic
shield could decrease losses in energy transport [64]. Genenko et al. also theoretically predicted
methods for this purpose that involved either suppression or enhancement of the loss-free
transport current through the introduction of an appropriate soft magnetic environment around
a thin superconductor film. It was proposed that a critical current Ic in a thin superconducting
strip would significant increase when surrounded by a soft magnetic environment with high
magnetic permeability µ, so that currents higher than the normally obtained critical state would
be possible [7, 65-67].
The interaction of an iron sheath with a superconductor has been widely explored for the past
few years. In Figure 2.8 [50] YBCO films coated with iron sheaths are investigated to
determine the magnetic flux and current densities, respectively by utilization of the magnetooptical Faraday Effect. In Fig. 2.8(c) a grey-scale image of the magnetic flux distribution at 80
mT at 5 K is presented, based on the results obtained from analysis of this study. There is no
flux entry seen at the edges or in the proximity of the soft magnetic material (Fe), whereas the
entry of a normal flux distribution occurs at the left edges of the sample. As seen in Fig. 2.8(d),
in the proximity or at the edges of the soft magnetic material, no entry of flux is observed, even
after increasing the external magnetic field up to 164 mT. The discovery of a new feature occurs
when the temperature is increased to 77 K, which is that the magnetic flux is seen at the centre
of the material while the edges are mostly flux-free, as shown in Fig. 2.8(a, b). The Meissner
state in YBCO superconductor thin films can be stabilized for elevated external magnetic
fields, allowing higher transport of currents by using soft magnetic materials such as FeSi in a
magnetic environment. Analysing the field distribution of superconductors interacting with a
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soft magnetic material leads to the conclusion that the Meissner state becomes stabilized
because of lower number of flux lines from the magnetic field towards the edges of the
superconducting material [68]. This has to be contrasted to the Bc1 ≈ 45−90 mT parallel to the
c-axis of the bulk YBCO superconductor [69] and to efficient penetration fields B ≤ 10 mT in
thin films (depending on the film’s thickness).
On the other hand, in superconducting core wires made from MgB2 sheathed with iron, there
was conjecture about the magnetic flux profiles as to which transport currents are affected by
magnetic environments and can be redistributed by them. Fig. 2.9 shows that the iron shielding
provides a flux-free Meissner state for the superconducting core when an external magnetic
field is applied up to approximately 1 T that depends on how saturated the field of the
ferromagnetic iron is. By collecting two different magneto-optical (MO) images at applied
external magnetic fields for the MgB2 above and below its transition temperature, it was
generally shown that the darker the area on the MO image is, the lower the magnetic flux
density B that is seen in that region, and that those regions which shine are areas with high flux,
with the flux is shining brightest in the Fe-sheath (𝐵𝐵𝑖𝑖 > 𝐵𝐵𝑎𝑎𝑎𝑎 ) and the lowest within the

core (𝐵𝐵𝑎𝑎𝑎𝑎 > 𝐵𝐵𝐵𝐵 ∼ 0).

Figure 2.8 Grayscale image of the YBCO film shows the magnetic flux distribution (a and b)
at 77 K (zero-field cooled): (a) 16 mT and (b) 48.8 mT. (c and d) The magnetic flux
distribution at 5 K and in applied external field of (c) 80 mT, and (d) 164 mT [24].
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Figure 2.9 (a and c) Magneto-optical (MO) imaging of the MgB2 wire sheathed by iron at
room temperature (RT), and at (b and d) T = 19 K in the magnetic fields listed on each image
row [61].
In addition, Figure 2.10 presents the magnetization measurement results for various
superconducting MgB2 mono-core (MC) and multifilamentary (MF) wires covered by iron.
The purpose of displaying the maximum effectiveness of shielding fields is to reveal their
connection with the saturation fields of magnetization in iron sheaths. This also shows an
increase in the system's tendency to conduct a current density Jc in the core that is larger than
Jc in the same wire without the sheath by a factor of ∼2 [61].
Another study [49] shed light on the superconducting interaction with the soft magnetic
environment and further elaborates that it leads to an important enhancement of the current
density. Figure 2.11 presents the results gathered as a result of this study. The data show that
the maximum critical current density can surpass the critical current density for the same
unsheathed wire by more than one order of magnitude. Furthermore, the magnetic screening of
the SC core along with the successful screening of cylindrical cross sections and small core
diameters has an impact on the sample geometry and the amount of Fe sheath. It follows from
the avoidance of flux penetration due to soft magnetic environments. Magnetization

22

measurements were conducted on MgB2 with iron wire shielding. The effectiveness of the
shield relies largely on:
•

the thickness of the sheath

•

its relative permeability

•

the shape-dependent demagnetization[70].

The transport current loss in MgB2 superconducting tapes with Ni-sheaths was examined by
employing transportation measurements. This was investigated under several circumstances,
which included variations in transport current, temperature, and frequency. Increased self-field
caused great loss, and there was an increase in the self-field owing to magnetic flux
concentricity.

Figure 2.10 Magnetic moment vs. magnetic field of the MC wire measured at T = 20 and 45
K (a), and of the MF wire measured at T = 10, 20, and 45 K (c). (b) Magnetic moment
behaviour of the Fe-sheathed MC wire at T = 20 K after subtracting the Fe-sheath
ferromagnetic contribution (solid symbols) and the magnetic moment measured after having
the sheath removed (open symbols). (d) Magnetic moment of the MF wire at T = 10 and 20 K
after subtracting the contribution of the sheath. Note the m-scale differences [61].
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This was caused by the Ni-sheath and the critical current density distribution of the MgB2 core
due to the inhomogeneity of the critical current density and critical temperature [58].
Furthermore, Horvat et al. [71] later enhanced the critical current by a factor of 3 by using a
magnetic shield with MgB2 superconducting wires. It was evident from the transport
measurements that Ic depended strongly on the angle between the field and the current. This
dependency revealed that the transport current does not follow a straight track across the wire,
but rather it meanders between the grains. Under these conditions, in the Lorentz-force-free
orientation of the magnetic field, Ic relies on Ba. Fig. 2.12 reveals the angular dependence of Ic
at 33.7 K and 0.4 T for MgB2. The field was perpendicular to the long cylindrical axis of the
wire for 𝜃𝜃 = 90°. The critical current Ic was at a maximum for 𝜃𝜃 = 90°, and it decreased by

75% of its maximum value within 30°. This decrease in critical current originated in an
interaction between the Fe sheath and the superconductor. In addition, the magnetic

environment can also cause a reduction in Tc (up to 10 K for Ni sheathed MgB2), possibly due
to chemical reactions with the SC [39].

Figure 2.11 Normalized critical current density for (a) a round wire sample (RW) and (b) a
flat tape sample (F1) measured at various temperatures; the symbol curves are for the
sheathed wire, whereas the bold curves were collected under the same experimental
conditions for the unsheathed wire. The dashed lines mark Bs of the ferromagnetic iron sheath
[49].
To assess the connection between the superconductor and the ferromagnet in MgB2 /Fe wires,
transport measurements were used. They demonstrated that interaction leads to a larger Ic once
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the circular self-field magnetizes the magnetic domain structure. This magnetization suggests
that the magnetic domains do not possess a perpendicular component of magnetization at the
iron/superconductor interface, although this would be seen around the Bloch domain walls.
The remagnetisation of the soft magnetic environment reveals results yielded by the self-field
and the interaction of the superconductor core with the remagnetised soft magnetic
environment [71]. The effect of finite magnetic shields on the flux-free Meissner state in
superconductor strips was examined by Genenko et al. It was indicated clearly by the transport
measurements on the thin YBCO thin film with magnetic environment (ferrites) that the critical
current density enhancement relies on the shielding geometry. It was also determined that when
the thickness of the shields is increasing gradually, the decrease of the edge current reaches its
highest point, owing to the magnetic shield saturation. This situation demands the employment
of thin magnets for shielding only in the case where high magnetic permeability is preferred
and used as a compensation for the small thickness of the shields in superconductor strips [67].

Figure 2.12 Angular dependence of Ic for an MgB2 specimen (s1) at 33.7 K and 0.4 T. Inset:
temperature dependence of the critical current Ic in zero field for the MgB2 sample (s1) [57].
Outstanding properties were revealed by the above-mentioned studies with regards to the
interaction between superconductors and soft magnetic environments. Since that time, to
employ them in various practical cases, huge developments have been made in improving and
augmenting the critical current density. A number of theoretical studies have revealed that this
interaction largely relies on the following factors, and they need to be examined more:
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•

The shape of the magnetic environment

•

The distance between the superconductor and the magnetic material.

2.6 Meissner current for different geometries of shields
The focus in this study is on the flux-free Meissner state in YBCO superconductor thin films
surrounded by soft magnetic environments with different dimensions and geometric shapes.
The magnetic environment used for conditioning the magnetic self-field around currentcarrying superconductors may drastically enhance the total critical currents of superconductor
wires, resonators, and electromagnets and reduce ac losses in them. Various configurations of
shielding are considered and the current and field distributions are calculated to study the
geometry-dependent enhancement effect. Moreover, for successful enforcement of appropriate
magnet/superconductor heterostructures, some special requirements on magnetic materials
should be met which are discussed[72].
The most important for applications parameter of superconductors is the maximum loss-free
current they may carry, the so-called critical current Ic. The best critical currents achieved on
practical superconductors were measured so far on thin films prepared by different techniques
[73]. There are two alternative loss-free states of a superconductor that carries dc transport
current: flux-free Meissner state when the magnetic flux is completely expelled from the
sample, and a mixed state when the magnetic flux penetrates the sample but is pinned by
impurities which prevent its motion and accompanying energy dissipation [72]. In accordance
to the Bean hypothesis[74] the current density in the critical state is approximately constant
throughout the sample. This makes the Type II superconductor a suitable candidate for a nondispersive high current conductor that has a sufficient number of effective pinning centers.
The total current in the flux-free Meissner state is usually smaller than that in the critical state
for YBCO thin film. When taken in the context of large-current implementations, it is not very
competitive. As a matter of fact, there are two pathways that are followed by the current:
•

the current flows in a thin surface layer of a flux-free thin-film superconductor

•

the current also flows through the edges of a superconductor strip [72].

However, this work shows that the current distribution in a superconductor sheet may be
effectively controlled by specially designed magnetic shields which enables large total
current enhancements.
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The current and field distributions in thin superconductor films exhibit drastic differences from
those in bulk superconductors. To determine the main features of flux free of the Meissner state
in a thin film, the magnetic field around a thin current-carrying film must be calculated. In
addition, one can simply sum all the contributions from single straight currents constituting the
strip using Ampere’s law. Then the flux free Meissner state is defined by the condition that the
field component normal to the strip vanishes everywhere at the thin film surface[72],

𝐻𝐻𝑦𝑦 (𝑥𝑥, 0) =

1

2𝜋𝜋

𝑤𝑤�

𝐽𝐽 (𝑢𝑢)

∫−𝑤𝑤�2 𝑑𝑑𝑑𝑑 𝑥𝑥−𝑢𝑢 = 0
2

(2.8)

where the sheet current 𝐽𝐽 (𝑥𝑥) is the transport current density integrated over the sheet

thickness 𝑑𝑑, 𝑊𝑊 ≫ 𝑑𝑑 is the film width and the coordinates are shown in Fig 2.13 a. To the

accuracy of 𝑑𝑑/𝑊𝑊, one can consider the film as a sheet of zero thickness which is implied
in Eq. (2.8). The solution to this integral equation for sheet current is given by [72]

𝐽𝐽 (𝑥𝑥) =

𝜋𝜋

1

(2.9)

�(𝑊𝑊/2)2 −𝑥𝑥 2

where I is the total transport current carried by the strip, and shown in Fig 2.13 b.
This current distribution is caused by the jump of the field component parallel to the strip at
the film plane 𝑦𝑦 = 0 because the field must detour the flux-free superconductor. It is of a

purely geometrical nature and does not involve any specific parameter of superconductor.
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Figure 2.13 (a) Schematic diagram of the magnetic field lines around a current-carrying
superconductor specimen in the flux-free Meissner state, (b) sheet current distribution over
the strip cross-section [72].
A non-linear electromagnetic response is caused by the penetration of magnetic flux, which
results in a sharp peaking of the current at the edges of superconductor strips. This impairs the
performance of superconducting devices such as filters and transmission lines. As shown in
Figure 2.13 (b), the flux-free Meissner current distribution has a ∪-like shape, which leaves

room for high permeability bulk magnets around the strip. The geometry of the magnet plays
an important role, however, as the current distribution can be transformed into a ∩-like
distribution [75]. The magnetic shielding plays a vital role in controlling the current flow in
such a manner that the total current exceeds the critical value Jc [72]. while the edge current
peaks are kept below it. This also secures a flux-free state. As the magnetic field lines are
perpendicular to the surfaces of the bulk high-permeability magnets, which permits the handler
to locally control the field lines, as is shown in Fig. 2.14. The edge current peaks coupled to
the field can be decreased by moving the field line concentration close to the strip edges. To
support this idea, certain exact and numerical solutions supporting the aforementioned notion
have been calculated in a quantitative manner [72].
For the flux-free Meissner state of a thin superconductor strip protected by a soft-magnetic
environment for different geometries, numerical simulations were conducted. For different
distances between the edges of the strip and the magnets, Fig. 2.15 exhibits the differences of
the normalized sheet current that varies with the distance of the strip:
•

(a) horseshoe-shaped magnet
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•

(b) wedge-shaped magnet.

Figure 2.14 Magnetic field line behaviour near the edge of the isolated strip (left) and
changes in this image made by magnetic surroundings of various forms.
The emergence of a central, elevated plateau is owing to the sheet current re-distribution in the
strip. The plateau that has emerged has various characteristics, which include limited height
and extended width for increasing values of distance until it ceases to exist. Furthermore, the
analysis revealed that the smallest distance between the edge of the strip and the magnet can
yield the maximum redistribution. Moreover, the results demonstrate substantial redistributions
of the sheet current towards the centre of the strip, which are associated with significant
enhancements of the total loss-free current. This current can pass through the strip for the
concave and the convex magnetic cavity, but preference would be given to the latter type of
environment.
For the distribution of current over the superconductor strip in the flux-free Meissner state,
scientists have examined various analytical solutions. Moreover, several configurations of soft
high permeability magnets basically cover this strip. During the displacement between the
superconductor and the magnetic material, the transformation of the sheet current is depicted
in Figure 2.16 (c and d). By and large, the distance between the magnet and the superconductor
basically drives the current distribution. In case of the parallel configuration, the inner part of
the strip actually pushes the current to the boundaries, and it is miniscule at distances greater
than 𝑎𝑎 from the boundaries. In contrast, for the perpendicular arrangement, a flattening of the
current distribution and a decline in the current peaks is caused by the approach of the magnets

to the strip. Actually, the smallest distance between the strip and magnets can be realized to
obtain a ceiling for the possible current peak reduction at the edge [76].
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Figure 2.15 Cross-sectional view of a superconductor strip located between two bulk soft
magnets: (a) horseshoe-shaped and (b) wedge-shaped magnets. The normalized sheet current
distribution of the magnetically shielded ((c) horseshoe-shaped and (d) wedge-shaped)
superconductor strip in the flux-free Meissner state, for four different values of the
normalized distance between the edges of the strip and the magnet curves[65].

Figure 2.16 Thin superconductor strip located between two bulk soft magnets: (a) parallel
arrangement and (b) perpendicular arrangement; (c and d) Current distribution over the strip
for different distances 𝑎𝑎 from the strip to the magnets [65].
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Besides analysing the voltage in superconductor strips, the impact of finite magnetic shields on
the flux-free Meissner current distribution was also theoretically reviewed. In the shielded strip,
the current distributions on one side are illustrated in figure 2.17. When the distance to the
magnet 𝑎𝑎 decreases or the permeability 𝜇𝜇 and/or thickness 𝐷𝐷 of the magnet grows, then there
is a considerable reduction in the current peak on the side next to the magnet. Upon the growth

of D, the fast peak of the saturation value was recognized as a key advantage. When 𝑎𝑎 is smaller

or μ is larger, then the value of the saturated peak is smaller. The strong dependence of the
shielding effect on 𝐷𝐷 also suggests its great significance for thin magnetic screens [66, 67].

Figure 2. 17 (a) Cross-section of an SC thin film located near the magnet, (b) sheet current
distributions in the SC thin film located near the magnet wall for fixed values of the wall
thickness D and distance to the strip a, and various values of the magnetic permeability μ
[57, 58].

For different geometries, the distribution of the sheet current in a superconductor thin film
situated between pairs of shields is graphically illustrated in Figure 2.18. As far as flat shields
are concerned, a regular increase is observed in the current distribution. When the shields are
moved and come closer to approach the strip, then the maximum total current tends to grow at
the same time, as shown in Fig. 2.18 (b).
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In contrast to this, several values for the radius of curvature of curved shields were established
by the strong inhomogeneity, with a number of simultaneous enhancements in relation to the
maximum total current expected in the Meissner state. Moreover, the current distribution
gradually turned out to be uneven, and a central hump was realized when the strip was
approached by the tips of the shield. As a result, a progression is observed in the maximum
total current and this improvement was assumed to be 2 times more than that of the flat shields,
as shown in Fig. 2.18(d). Furthermore, upon shrinking the tips of the shield, an evident
enhancement / upsurge is witnessed in the central hump of the current distribution. Therefore,
the maximum total current becomes more intense, and this increase is believed to be 5 times
higher than that for the flat shields [77]. When the superconducting strip is sheathed by a
magnetic strip on top, there is an increased value of the critical current, which is illustrated by
the experimental and quantitative findings [43].

Figure 2.18 Upper part: SC strip (bold line) located between pairs of shields: (a) flat
shielding and (c and e) curved shielding for various values of the distance. Lower part:
distributions of the sheet current in the marginal Meissner state for the shielding
configurations shown above [55].
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Moreover, the widths of the magnetic layers as well as the distances between the
superconducting strip and the magnetic strip are required parameters for the distributions of
the current density influenced by a magnetized strip. As per the given figure, an ideal distance
and width is observed, which shows the intense development of the critical current. It can be
observed that the total current distribution becomes more uneven if the magnetic strip comes
into close contact with the superconducting strip. Furthermore, obtaining the same
enhancement of the critical current at a lower magnetization is achievable and this can be done
by increasing the thickness of the magnetic strip [43].
According to these outcomes, the superconductor is found to be highly susceptible to the
variables in the adjoining magnetic environment. To date, a few practical tests have been
performed, which emphasized the impact of these variables towards increasing the current
density. As far as YBCO thin film covered by iron is concerned, inadequate results were
obtained as compared to the results obtained from the magneto-optical images, although the
results of magnetic measurements or transport measurements to determine the influence of
different magnetic environments of YBCO thin film have never been presented before. This
study will provide practical results to study the effects of different magnetic environments.

2.7 The Bean Model
The crystal lattice of a type-II superconductor is characterized by the presence of pinning
centres. These are usually different structural defects, such as grain boundaries, dislocations,
foreign atoms, point defects, empty spaces, etc. These imperfections prevent the vortices from
moving. The pinning centres are arranged according to the penetration depth 𝜆𝜆. Therefore, the
distribution of vortices is not similar to the Abrikosov lattice for a reversible SC anymore. In

1964 Bean proposed the critical state model, which describes the distribution of vortices in the

Shubnikov phase. This model is valid for a thin film made of a type-II superconducting
material.
The fundamental assumption of the Bean model is the presence of a certain critical current Jc,
which is the maximum current that can be transferred by a superconductor. The electromotive
force (emf) of any volume causes such a current to flow locally. The emf is here the impact of
variations in the local induction 𝐵𝐵. Fig. 2.19 presents the magnetic flux profile of a planar

YBCO thin film. In zero-field-cooled (ZFC) case, the applied magnetic field is ramped up to
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5 T, then down to - 5 T, and if cycled continuously, will follow the hysteresis shown in part
(a), where various stages of the loop are specified by the applied external magnetic field stage
(Ha1 to Ha10). Part (a) explains the complete magnetization hysteresis loop of an YBCO film
measured using a Quantum Design Physical Properties Measurement System (PPMS) at 10 K
and in an applied perpendicular magnetic field. Part (b) shows the cross-section for a typical
YBCO thin film of width (𝑤𝑤), as used in this work. Part (c) shows the distribution of the
internal field inside the superconductor for the particular value of applied magnetic field (Ha)

at each stage. The point Ha1 is the first stage reached after first ramping up the field from the
zero-field-cooled state. The field at the edges of the sample is equivalent to the applied field.
As the field gradually rises, vortices penetrate inwards, overcoming the pinning effects and
geometric barriers. For the YBCO thin film, the Bc2 can exceed 100 T at 10 K, which is too

high for the PPMS, so that is not shown. As the external field decreases from 5 T, the vortices
then leave the film, leaving the interior field higher at the centre of the sample than at the edges

because some vortices remain pinned in the middle, as shown in stages Ha1 - Ha8. On reducing

the external field from 0 T 𝑡𝑡𝑡𝑡 − 5 T (Ha9, Ha10), anti-vortices penetrate the film from the
edges, so the field at the edges now has a higher magnitude than that in the middle again. An
anti-vortex is a vortex with opposite polarity to the vortex that originally entered the sample.

The magnetic flux quantum inside is 'upside down' relative to the original vortex, and the
surrounding supercurrent flows in the opposite direction. When a vortex and an anti-vortex
meet, they may annihilate each other bringing the interior magnetic field to zero at that position.
On ramping the external magnetic field back up to 0 T, anti-vortices begin to depart from the
edges, but with most of them again remaining pinned at the centre. The inclination of the flux
front to lag behind changes in the applied field because of intrinsic pinning means that the
vortices are not distributed uniformly within the film and will be most dense at the edges of the
film on the positive ascending field branch and most dense at the centre on the positive
descending field branch.
On the other hand, one can imagine that transport current is applied from the external source
to the sample, which contains a large number of defects that can pin vortices. It is assumed in
the Bean model that irrespectively to sample geometry the transport current and associated
magnetic field Ha which is lower than Hc1 will be located at the outer part of the sample, i.e.
surface of the film. The vortices will start to enter the body of the sample as soon as the field
exceeds the critical value Hc1, and they will be pinned by the defects in the sample and thus,
will not be able to penetrate too far inside. This in fact means that a gradient of the
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Figure 2.19 Schematic distribution of magnetic flux from the critical state model according to
Bean as the applied magnetic field (Ba) cycles from 5 T to - 5 T in a zero-field-cooled
sample. (a) Magnetization hysteresis, (b) cross-sectional view of YBCO thin film of width w,
and (c) flux front within the sample for increasing and decreasing field. Adapted from [1-4].
vortex density will appear, which at a certain stage, will be the maximum possible gradient.
This gradient corresponds to the critical value of the current as per the Maxwell equation

∇ × 𝐵𝐵 = 𝜇𝜇0 𝐽𝐽

(2.10)

Thus, certain parts of the film carry current, while in the rest of the sample, there will be no
current at all.
The Bean model states that when the transport current increases, the vortices while keeping the
gradient of their density, will move closer to the center of the superconductor so that only a
small central part of the sample will remain free of vortices and transport currents, while
everywhere else the current J will have the critical value Jc. If the current is increased further,
at some stage it will reach a certain value Ic, when the current density in any part of the film
will be of the critical value. This is called the critical state.
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2.8 Superconducting properties of YBa2Cu3O7-δ
With a critical temperature of 92 K, the YBa2Cu3O7-δ is a type-II SC [1]. It is normally referred
to as a 123-superconductor. This is due to the fact that it has those elemental proportions of the
metals in the unit cell: one Y, two Ba, and three Cu. As shown in the Fig 2.20, it has a layered
perovskite orthorhombic unit cell lattice parameters a = 3.82 Å, b = 3.89 Å, and c = 11.68 Å.
This structure resembles numerous different HTS, an unpredictable implementation of the
perovskite structure, which has the overall compound formula ABO3. The focal Y particle is
sandwiched between "Cu-O layers". These Cu-O layers are interleaved layers which form an
isolated charge repository and permit an adjustment in the transporter thickness accessible in
the Cu-O layer. One of the primary basic highlights of YBCO is that the last charge repository
layer is metallic and not protective [32]. The Cu-O layers contain mobile charge carriers, and
these are the places where superconducting current streams. This is, additionally, a typical
trademark of all the HTS cuprates, and is accepted to be key for superconductivity in this class
of materials. The cuprate superconductors show solid anisotropy in their typical and
superconducting properties, and this anisotropy can create significant differences in properties
along the ab-plane and the c-pivot. The term “c-pivot” alludes to films developed with the chub vector corresponding to the ordinary vector of the substrate. Furthermore, the c-axis has to
be situated perpendicular to the substrate to obtain higher quality superconducting films, as this
will allow the current to move easily along the ab-plane [78].
In the chemical formula, the 𝛿𝛿 term implies that YBa2Cu3O7-δ is a so-called non-stoichiometric
compound: natural numbers cannot represent the ratio of elements, and the reason for that is
the absence or excess presence of atoms owing to crystal defects. The oxygen content changes

over the crystal, and it has an exponential impact on the electronic properties. An often-heard
term, 'optimally doped' means that 𝛿𝛿 ≈ 0.7, where all oxygen sites are not occupied, which
yields the highest Tc. For 𝛿𝛿 > 0.65 , YBCO has the tetragonal crystal structure and does not
superconduct at any temperature.
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Figure 2.20 Structure of YBa2Cu3O7-δ. Oxygen atoms sit at the vertices of the tetrahedral and
squares, and Cu sits at the center of the base of the tetrahedral and in the middle of the
squares. The CuO2 planes play a major role in the superconductivity, while the Cu-O chains
in YBCO act as electron donors or acceptors, which are filled or emptied depending on the
oxygen concentration of the material.

2.9 Application of superconductors
Figure 2.21 shows the applications of superconductivity on the basis of zero resistance, the
Meissner effect, and the Josephson Effect. Today, there is a huge demand for
superconductivity, owing to the changing climate and increased cost of energy. It is quite
essential to look for new solutions to deal with energy related issues, manage energy
production, and control energy losses. Many products designed to cope with energy related
issues have already stepped into the market, which include low loss cables, and highly effective
motors and generators. What else that is needed in this regard is superconducting materials
with a high transition temperature, high critical fields, and high critical currents.
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Figure 2. 19 Applications of superconductors.

2.10 Motivation and Aim
Soft magnetic materials finally finding fertile ground because they can be used in new ways to
improve the flux-free Meissner current density, which increases the possibility of using
superconductors in various applications. The idea of improving the current density came from
this conception at the beginning of this study, and the idea was then extrapolated to encompass
the study of different magnetic environments.
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Current research methods deploy various techniques to improve the flux-free Meissner current
density, which usually comes from exposing the superconductor to different shapes of soft
magnetic environments. This is due to the fact that, while the examination and manipulation of
a superconductor thin films surrounded by different shapes of soft magnetic materials are valid
in themselves, in practical applications, it is very likely that the appropriate magnetic
environments will be used in large quantities, where the resulting measured improvement of
the current density will be from the superposition of many identical responses from equally
identical superconductor thin films surrounded by various shapes of soft magnetic materials in
a large sample. Given the requirement to produce geometries of magnetic environments
experimentally with controlled properties, it is much desirable that the effects of physical
parameters, such as different geometries of magnetic environments, locations of magnetic
environments, sizes of magnetic environments, and the distances between the superconductors
and the magnetic environments, especially with respect to the soft magnetic environments, are
closely investigated, as a certain degree of imperfection always exists during the fabrication
process. Considering that the improvement of the flux-free Meissner current density is highly
dependent on the size and geometry of the magnetic environment, it is a valid idea to study
how varying these parameters may affect the current density and existing features within thin
superconductor samples. With regards to highly controlled properties, this study attempts to
provide elementary results to help in optimizing the current density within an YBCO thin film
surrounded by soft magnetic materials, while at the same time, optimizing the experimental
parameters to increase its viability in practical applications.
The first aim of this work is focused on improving the current density of thin superconductor
films shielding by soft magnetic environment, through their characterization and investigation
of the physical properties of superconducting YBCO thin films exposed to different shapes of
soft magnetic environments.
The second aim is focused on studying the behaviour of the superconductor under different
vibration ranges with changes in the angle between the surface of the sample and the external
magnetic field Ba.
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Chapter 3

Experimental Details

3.1 Introduction
This chapter sheds light on the experimental processes that were used in this thesis work to
create and characterise the pure YBCO thin films. These processes involved analysing the
impacts of various magnetic environments on YBCO. This also included studying the
superconducting properties of the YBCO samples with the help of magnetic and transport
measurements.

3.2 Thin-film growth technology
Since the discovery of superconductivity, different techniques have been developed by
scientists for the deposition of thin film superconductors. These methods can be divided into
the following two categories:
•

Physical methods: these include pulsed laser deposition (PLD), co-evaporation and
magnetron sputtering.

•

Chemical methods: these include metal-organic chemical vapour deposition
(MOCVD), metal-organic deposition (MOD)-solution methods, and liquid phase
epitaxy (LPE)

There is a huge difference between the mechanisms when it comes to the capital cost, which
needs to be low and to help in the production of high-quality films.
In this work, PLD was employed for the fabrication of thin films. Since 1987, this sort of
deposition has been commonly used for the deposition of YBCO thin films, since its
introduction by Dijkamp et al. [79]. The thin films acquired by the PLD technique are better in
terms of quality when compared to those formed by other deposition methods. Without a doubt,
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PLD is a wide-ranging mechanism for the production of YBCO thin films with complex
stoichiometry. It is also appreciated for the low cost associated with it. A short periodic focused
laser pulse strikes a solid bulk YBCO target in the PLD process of making YBCO thin films.
It ablates the material from the target in the form of a plume. The thus-formed plume interacts
with the surface of a heated substrate, which is placed at a certain distance from the target. The
plume includes the building blocks, such as neutral particles, ions, and electrons of the YBCO
lattice, and it covers the substrate. The PLD technology has earned great attention as the most
suitable mechanism for epitaxial growth of high-temperature thin superconducting films. The
following are the benefits of PLD [9, 80]:
1. Low contamination level, because the evaporating component (laser) is located outside
the vacuum chamber.
2. Extremely high power density of the laser radiation (~ 109 W�cm2 ) on the target, which
gives it the capability for stoichiometric transfer of material from the target to the
substrate.

3. Relatively high deposition rates, typically ~ 1 Å/s, which can be achieved at moderate

laser fluencies, with the film thickness controlled in real time by simply turning the
laser on and off.

4. Very short laser pulse duration (~ 10 − 20 ns), which allows the creation of the
stoichiometric condensate close to the substrate.

5. The use of a carousel, housing a number of target materials, enables multilayer films to
be deposited without the need to break vacuum when changing between materials.
6. The high energy laser plasma make possible to reduce the temperature for the epitaxial
growth, and then it allows the formation of very sophisticated hetero-structures.

Commonly, the target material is a sintered bulk SC with a varying degree of porosity
depending on the manufacturing circumstances. The surface roughness of the target has an
impact on its coupling with the laser beam. The focused laser pulses are absorbed on the target
surface within a very small volume.
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Figure 3.1 (a) Schematic illustration of pulsed laser deposition system and (b) heated sample
stage [3].
The interaction of nanosecond high-powered laser beam with the target leads to very high
surface temperatures ( > 2000 K) [3], which results in a supersonic jet of particles (laser plasma
plume) that is ejected normal to the target surface [80]. Therefore, the depth of the layer heated
by the laser pulse under the target surface could exceed the depth of penetration of the laser
radiation. Over a very short time, the ions in this layer receive a considerable amount of energy,
which is much more than the energy required for evaporation of the material. Then, this
overheated layer operates as an explosive. The shock wave penetrates the target with
considerable energy which leads to the evaporation of the material in the returning wave [79].
These mechanisms shed light on the kinetics of material desorption from the target surface and
on how it moves to the substrate. A short laser wavelength (blue or ultraviolet (UV)) and the
correct power density (a few J/cm2) can allow the reproduction of the composition of the target
in the case of a short (10 nanoseconds) laser pulse. To minimize the spread of heat into the
target, short pulses and short wavelengths are needed [5]. The following are the different
variables for the growth of of HTS thin films:
•

substrate temperature

•

the oxygen pressure in the deposition chamber

•

the energy of the laser

•

the distance between the target and the substrate [81, 82].
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The deposition can be conducted in oxygen atmosphere for oxygen containing materials. To
accurately adjust the composition of oxygen in deposited, the oxygen pressure and flow during
deposition is controlled. Furthermore, the crystal growth of thin films can take place in the
following three modes,
•

three-dimensional island growth (Volmer-Weber mode)

•

two-dimensional monolayer growth (Frank-van der Merwe mode)

•

three-dimensional island growth plus the two dimensional monolayer growth
(Stranski-Krastanov mode) [80].

These modes are highly dependent on the thermodynamics pertinent to the surface energies of
the film and the substrate with respect to their interface energy.

3.3 Substrate preparation
One of the major issues in thin film growth technology is the selection of the right substrate.
The substrate must possess the essential properties to grow high-quality HTS thin films. These
properties include:
•

No chemical interaction at the interface between the SC and the substrate

•

Thermal coefficients of expansion of the SC and substrate must be similar

•

Low roughness

•

Crystallographic lattice match between the SC thin film and the substrate

To grow high quality epitaxial HTS films, various substrates have been used (SrTiO3 (001),
MgO (001), LaAlO3, LaGaO3 and NdGaO3) [83, 84]. Each type of substrates has its own
advantages and disadvantages. In this thesis, by employing pulsed laser deposition and standard
deposition parameters determined by our group, all the films were deposited on
(SrTiO3 (001)) single crystalline substrates [5, 80, 85]. When compared with other substrates,

this material offers the following advantages:
•

good thermal expansion matching

•

chemical compatibility

•

lack of reactivity under oxygen-rich ambient conditions

•

good lattice matching with YBCO
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The SrTiO3 has a small lattice mismatch with YBCO. The lattice constant of SrTiO3 is 0.3905

nm, whereas the lattice constant of YBCO is 0.3820 nm. This substrate was employed to

control the distance between the superconductor and the magnetic material while assessing the
impact of the distance.

3.4 Standard Deposition Parameter
Pulsed laser deposition (PLD) was employed to prepare the 𝑌𝑌𝑌𝑌𝑎𝑎2 𝐶𝐶𝑢𝑢3 𝑂𝑂7 thin films. This was

made possible by using a Compex 301 KrF excimer laser with:
•

wavelength λ= 248 nm

•

pulse duration = 25 ns

•

frequency = 10 Hz

The (5 mm × 5 mm SrTiO3 (001)) substrates were mounted on a heatable sample stage

holder with silver paste to ensure good thermal contact, and each substrate was heated to a
temperature of 780 oC and oxygen background pressure of 300 mTorr. The heater element was
used to increase the temperature by applying current. The amount of current provided was

controlled and released gradually to protect the elements. The YBCO target was placed in a
steel holder, and it is moved constantly by the use of a stepper motor to prevent any sort of

damage to the target surface by the concentrated laser beam. At an incident angle of 45º, the
collimated laser beam was adjusted. The distance between the target and the substrate was
35mm. The chamber was completely evacuated with a turbo-molecular pump along with a
rotary pump to below the pressure of 10-6 Torr before the deposition of a film. The objective
of using the pump was to remove any contaminants from the chamber. The chamber was filled
with oxygen after the deposition, the pressure inside the chamber was increased to atmospheric
pressure, and the heater temperature was reduced to 400𝑜𝑜 C. After that, the thin film was
annealed at 400 o C in for one hour before allowing it to cool down at room temperature.
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Figure 3.2 General view of a PLD System developed by the TFT group (ISEM) showing:
(left) vacuum chamber with a target carousel and (right) excimer Laser Compex 301 in
ISEM.
3.5 Superconducting properties measurements
For the purpose of the development of superconductors, the most essential and viable factor is
understanding the amount of current that a given superconducting sample can carry. This is
even more helpful if taken in the context of future power applications such as superconducting
cables, magnets, transformers, or generators. Section 2.9 elaborates on superconducting
applications. The following two types of techniques have been used in this work to assess this
quantity: magnetic and transport measurements.
Prospective strategies for identifying magnetization dynamics are constantly created and
improved on account of new experimental devices for signal detection and their more
prominent feasibility in the course of the last seventy years. The magnetization measurements
were implemented utilizing a Quantum Design Magnetic Properties Measurement System
(MPMS) containing a superconducting quantum interference device (SQUID) magnetometer
and a Quantum Design Physical Properties Measurement System (PPMS) at ISEM, as shown
in Fig. 3.3. These techniques allow for an indirect measurement of the critical currents
compared to electrical transport measurements. To measure the magnetic moment of a sample,
in both techniques. The thin film sample is mounted on a straw (non-magnetic) rod, which is
placed in the centre of a superconducting solenoid producing magnetic fields up to 5 T for
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MPMS and 9 T for PPMS. The sample straw moves gradually when using the MPMS or
vibrates when using the PPMS, and this moves the sample through a sequence of coils. The
sample space is filled with helium at low pressure of 3 to 30 Torr at temperatures ranging from
1.9 K to 400 K. The sensitivity of the system is 10−8 emu 𝑜𝑜𝑜𝑜 10−11 A𝑚𝑚2 .

Figure 3.3 Quantum Design Magnetic Properties Measurement System (MPMS) (left) and
Vibrating Sample Magnetometer Physical Properties Measurement System (VSM PPMS)
(right) in ISEM.
The magnetic signal of the sample is acquired through a superconducting pick-up coil with 4
windings, as shown in Fig. 3.4. This coil, along with a SQUID coil, is part of a superconducting
circuit that is responsible for sending the magnetic flux from the sample to a SQUID device.
This SQUID device is situated in the liquid helium bath away from the sample area. This device
works as a magnetic flux-to-voltage converter and the collected voltage is later on amplified
and decoded by the SQUID electronics [86]. The sample develops an alternating magnetic flux
in the pick-up coil while the sample moves up and down. This flux causes an alternating output
voltage of the SQUID device. The magnetometer system can achieve very high sensitivity by
locking the frequency of the read-out to the frequency of the movement in the case of ultrasmall magnetic signals, as mentioned before.
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Figure 3.4 Superconducting pick up coil, taken from the instrumentation booklet [3].

3.5.1 Magnetic measurements of the critical temperatures Tc
The magnetic measurements carried out on the same MPMS and PPMS employed for the
determination of the critical current Jc were used to specify the critical temperature Tc of
superconducting samples. A Meissner current flows in a superconducting material at low
temperature in a weak applied magnetic field (25 to 100 Oe). The superconductor is protected
by the Meissner current from the external magnetic field. It creates a magnetic moment m which
tends to line up in the direction of the applied magnetic field. The magnetic flux starts to
penetrate the sample once the temperature has increased to a point close to Tc. This causes the
magnetic moment to decrease. The Meissner current totally vanishes above Tc, and therefore,
the magnetic moment disappears. During the temperature change from below Tc to above Tc in
a small applied magnetic field, the MPMS and PPMS systems permit the measurement of the
magnetic moment and its variation. Moreover, the sample is cooled in zero field (ZFC) to the
temperature of 10 K. Once cooled, a weak magnetic field is implemented and the temperature
is gradually brought to 95 K. The magnitude of the negative magnetic moment decreases
instantly until it becomes zero around Tc when the sample reaches its normal state. Fig. 3.5
shows a typical 𝑚𝑚(𝑇𝑇) curve. Tc is the point where the magnetic moment reaches its zero level.
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Magnetic Moment (emu)

Temperature (K)

𝑇𝑇𝐶𝐶
∆TC

Figure 3.5 Curve of the magnetic moment (emu) as a function of temperature to determine
the critical temperature for a superconductor.
In this work, the value of the transition width 𝛥𝛥𝑇𝑇𝑐𝑐 is defined from the 𝑚𝑚(𝑇𝑇) curve measured in

the (ZFC) regime. This value is extracted from the difference between the two temperatures

which correspond to m = - 0.02 emu and m = -0.07 emu, in the 𝑚𝑚(𝑇𝑇) curve, with m being
normalized to the value of the magnetic moment at 10 K. The transition width is very important
characteristics because it shows the quality of the samples and together with the critical
temperature reflects the fraction of non-superconducting phase in the material.

3.5.2 Critical current Jc calculation
To obtain a hysteresis loop of the sample, the magnetic moment 𝑚𝑚 of the YBCO sample is
measured to calculate the critical current Jc at different temperatures and magnetic fields, as

shown in Fig. 3.6. By employing the relationship between 𝑀𝑀 and Jc provided by the Bean

model for a parallelepiped-like sample, the critical current 𝐽𝐽𝑐𝑐 can be assessed from the

magnetic hysteresis loop[80]

Where

𝐽𝐽𝑐𝑐 =

∆𝑀𝑀×12×𝑏𝑏
𝑑𝑑(3𝑏𝑏−𝑑𝑑)

b = length of the sample
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(3.1)

d = width of the sample
∆𝑀𝑀 = the width of the hysteresis loop

The relation ∆𝑀𝑀 = 𝑀𝑀− − 𝑀𝑀+ can be used to calculate the aforementioned value. As shown in

Fig. 3.6, the 𝑀𝑀− and 𝑀𝑀+ are the negative and positive branches of the magnetization loop. The
data that determines the current is the outcome of the screening of a volume, so the volume of
the parallelepiped should be determined:

𝑉𝑉 (𝑐𝑐𝑐𝑐2 ) = 𝑏𝑏 × 𝑑𝑑 × ℎ

(3.2)

Where ℎ = thickness of the film.

Now, the volume is employed to calculate the magnetization value per volume unit:
∆𝑀𝑀
𝑉𝑉

and finally:

𝐽𝐽𝑐𝑐 =

∆𝑀𝑀
𝑉𝑉

=

∆𝑀𝑀

3×10−6 𝑐𝑐𝑐𝑐2

× 2 × 106 (A/cm2)

(3.3)

(3.4)

Figure 3.6 Curves of the magnetic moment (emu) as a function of magnetic field to calculate
the magnetization of specimen.
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3.5.3 Transport measurements
Transport properties were measured over a wide range of temperatures, 10 K to 300 K, and in
applied magnetic field up to 7 T using a Quantum Design Physical Properties Measurement
System (PPMS), as shown in Fig. 3.3. The four-probe technique at different temperatures,
magnetic fields, and angles was used for transport measurements. In this method, four fine gold
wires are linked to the surface of the sample with the help of silver paste, as shown in Fig. 3.7.
Fundamentally, the two outer leads deliver a current through a sample, and two separate voltage
leads measure the potential difference across the sample. To minimize contact resistance
between the YBCO superconductor and gold wire, current contacts were made using gold pads
formed by pulsed laser deposition on the superconductor’s surface. In the superconducting state
and when the current provided is less than the critical current Ic, the current flows without
dissipation, and consequently no voltage will be detected between the two leads contacts
(except for instrumental and contact voltage). When the applied current is increased above
𝐼𝐼𝑐𝑐 , however, the voltage will appear and will rapidly increase. As the transition from
dissipation-free (superconducting state) to resistive (normal state) takes place, the transport
current is continuous, so a criterion is needed to precisely determine 𝐼𝐼𝑐𝑐 in a reproducible way.
Therefore, Ic is commonly characterized as the estimation of applied transport current for which

the electric field increases above 1 μV/cm generated by dissipative processes in
superconductor. The assessed voltage between the two inner contacts also relies on the distance
between the aforementioned contacts. The applied field (Ba) and temperature (T) can be varied
in the transport measurements along with changing the angle between the applied external field
Ba and the c-axis of the sample (𝜃𝜃). This allows us to get Ic (𝜃𝜃, Ba, T) instead of only Ic (𝜃𝜃). The
rotation range of 0o to 360o was considered in this measurement.
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Figure 3.7 (a) Schematic diagram of the sample geometry for four–probe measurements, for
which 100 nm thick gold pads were deposited by laser ablation on top of the film as contacts
for the attachment of gold wires. (d) Sample puck for resistivity option.
Superconducting materials such as YBCO have different characteristics. A number of
experimental techniques have shown that these properties are evolving constantly, which
increases the sensitivity and accuracy of measurements. The critical current density Jc is the
most important characteristic in superconductivity. To measure it, one requires:
•

direct magnetization measurements

•

transport measurements

•

magneto-optical images

•

analysis of AC-susceptibility measurements [87-90].

If the scientific perspective is taken into account, the Jc measurements can reveal that a
superconductor is in the critical state. These measurements do not offer consistent outcomes,
however, as there are many factors that affect the consistency of these measurements.
Generally, magnetic and/or thermal fluctuations cause heterogeneity in different measurement
environments. The actual inhomogeneity of temperature in a sample’s environment or
Bardeen-Stephen heating as a result of periodic vortex motion causes the thermal perturbations
[91, 92].
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Relative to magnetic fluctuations, variations in electric fields generated in different
measurements are responsible for different critical currents measured by different techniques,
which is are determined by the so-called electric field criterion (Ecr). In a previous study [91],
a model has been outlined for critical current density in YBCO thin films based on the pinning
of the flux line lattice on out-of-plane edge dislocations and Kim-Anderson vortex creep. One
feature of the model is that it includes the electric field criterion of the corresponding
measurement technique. This model succeeded in case the MPMS magnetization
measurements and transport measurements, where the values of the electric field criteria
obtained within the model are well harmonious with the experimental ones. Then again, the
model could not clarify the significant distinction between estimations of the electric field
standards acquired from the model with the experimental ones. This distinction can be ascribed
to small field and temperature inhomogeneities in the estimation frameworks, which appeared
to unequivocally influence the magnetization measurements [93, 94]. There are more or less
three sources of magnetic field in-homogeneities in the PPMS and MPMS measurements:
1. in-homogeneities of the magnetic field depending on the axis of the magnet c-axis;
2. in-homogeneities of the magnetic field in the plane perpendicular to the z-axis:
3. tilting of the superconductor relative to an external magnetic field Ba [91].

3.6 Lithography process
Transport measurement can only be made on a film that has been patterned with current tracks
and current-voltage tabs. The mechanism of photolithography permits the patterning of
superconducting micro-bridges on a substrate material. This patterning was conducted in the
state-of-the-art clean room in ISEM. Patterning of a sample employing ion beam milling by
photolithography is done to make a small bridge (nanosize to micrometre size) for transport
measurements. In this project, patterning by ion beam milling was employed, which is a
mechanical process where Ar+ ions are launched at the films attached to a rotating table, which
is kept perpendicular to the beam during the etching process. It operates under a similar
principle to sputtering, in that it relies on the bombardment effect to remove material. This
process is shown in Fig. 3.8.
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Figure 3.8 Schematic diagram of the photolithography process.

Subsequent to cleaning the sample with acetone and ethanol to dispose of any pollutants, for
example, soil or residue, the aforementioned sample was set on a vacuum holder for a Laurell
turn coater, model WS-400B-6NPP/LITE. Figure 3.9(a) shows:
•

the spin coater

•

the lithography hardware used in this process

The open spin coater shows a central stand rising from the middle with a small black dot in the
middle. The back of the sample is centred on the black dot, and 2 or 3 photoresist droplets were
applied on the surface of the sample ( AZ1518 photoresist was use in this research) , which
continued to rotate at 5000 rpm for 35 seconds to obtain an even covering of photoresist. This
sample was baked for exactly 1 minute at 115 °C on a hot plate. After that, the sample was
centred on the stage in a Heidelberg 𝜇𝜇pg101 Micro Pattern Generator, where a design is loaded

into the system from a computer, and a UV laser inside will apply the design to the photoresist
coated sample. The required patterns were created in a layout editor using a Crystallographic

Information File (CIF). The required pattern was set in a 𝜇𝜇pg101 Exposure Wizard v3.8, and

the laser parameters were 10 mW at 100% with an energy factor of ×2. After focusing the
53

sample using the coordinates of the corners, the sample was then exposed using a UV laser to
create areas of weak photoresist. After that, the sample was again baked at 125 oC for 1 minute
exactly. Thereafter, the sample was developed in MFTM-26A developer for 30 seconds to
remove the weakened photoresist and washed with distilled water to stop the development
process.

Figure 3.9 (a) Spin coater and (b) Heidelberg μpg101 Micro Pattern Generator.

The sample is held to the table by means of a screw and a piece of wire. Before introducing a
small amount of Ar gas, the vacuum in the milling chamber was brought down to below 2×10−6
mbar. The chamber was maintained at a pressure of 10−3 mbar during the entire process. The
ejected ions travel in straight lines towards the target electrode with maximum energies, owing
to the fact that the good vacuum decreases the collisions between the Ar ions and the residual
gas molecules. Not only that, but during the milling process, this vacuum also decreases
potential reactions between the film surface and gaseous impurities [5, 80]. The ion beam
milling with the “Mantis” equipment, as shown in Fig. 3.10 was employed for micro-bridge
fabrication in this work. Furthermore, the film was etched by employing ion beam milling,
argon gas was pushed into a vacuum chamber, and a plasma was later on created by an RFM100
ion gun from the gas. This led to the creation of Ar+ ions, which were accelerated by a vertical
electric field, although the higher vacuum will decrease the collisions between the Ar+ ions and
the residual gas molecules. This enabled the ejected ions to travel in straight lines with
maximum energies towards the target electrode. During the milling process, the higher vacuum
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reduces potential reactions between the film surface and gaseous impurities, along with a low
chamber pressure, so that the impact was completely vertical on the film surface. For almost
60 minutes, the sample was exposed to the plasma, and this led to the removal of the material
with no photoresist, while the focused pattern was left behind. There are several features of the
plasma parameters that control and manage the etching properties of the ion beam.
The optimal plasma and chamber circumstances for the underlying Mantis system have been
constantly determined by repeating the process with one parameter changed at a time for
etching the YBCO thin film. The YBCO film will be completely etched in 60 minutes by using
the following parameters:
•
•
•

Plasma power ~115 W

Accelerating voltage 300 V
Ion current 35 mA

The selection of parameters for the etching process using the ion beam required high accuracy
to ensure that there was no damage to the parts of the sample protected by the photoresist while
removing the unprotected parts. The choice of boundaries of the etching technique utilized
particle pillars with high precision to guarantee that there was no harm to the pieces of the
sample protected by the photoresist while eliminating the unprotected parts. These boundaries
relied upon a few components, including:
•

the sample thickness

•

the properties of the photoresist

•

the desired etch depth

An increased accelerating voltage led to the creation of high-energy particles, which were
sometimes seen to infiltrate through the opposing layer and caused spots of damage on the
protected test surface. A decreased accelerating voltage created lower-energy particles, which
would not have enough energy to eliminate the unprotected pieces of the sample, and
furthermore, a longer etch time would be needed for complete etching. Then again, the required
engraving time diminished with an expansion in the ion current, since it was legitimately
relative to the quantity of particles impinging on the sample every second. Furthermore, an
increase or decrease of argon pressure had no effect on the etch process [95].
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Liquid nitrogen is used throughout to regulate the temperature of the sample as high
temperatures cause damage, which will also avoid any sort of structural phase change. The
sample was left for almost 12 hours to cool down at a slow heating rate, and condensation was
not allowed before removal of the sample. Condensation was avoided because of the sample’s
sensitivity to water. The sample could be removed from the heat once the sample had been
sufficiently warmed and chamber was vented. Acetone was used to clean the table and sample,
so as to remove the remaining photoresist and residue from the etch. During any part of the
patterning process, to make sure that all unneeded parts of the YBCO were removed and that
the surface had not been damaged, the etched pattern was checked under a microscope [95].

Figure 3.10 Mantis chamber in the ISEM clean room for ion beam milling of thin films.
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Chapter 4
Enhancement of critical current density in YBa2Cu3O7
superconducting thin films by changing the dimensions of their
magnetic environment
Hybrid systems consisting of superconducting YBa2Cu3O7 thin films shielded by
ferromagnetic iron have been investigated. Magnetization measurements have been carried out,
and the critical current densities of the thin films have been extracted. The measurements show
that the maximum critical current density 𝐽𝐽coc (the so-called overcritical current density) can

exceed the critical current densities 𝐽𝐽cbare obtained in the same thin films without the iron

environment. The results show that the critical current density is strongly dependent on the
location of the iron in the environment, the dimensions of the iron magnets, and the distance
between the magnets and the thin films. The magnetic interaction between the superconducting
thin films and the soft ferromagnetic iron environment leads to current density enhancement.
Inside the films, a redistribution of supercurrents is presumably created by this interaction,
leading to the removal of undue stray fields near the edges of the thin films. As a result, the
supercurrent distribution becomes more homogeneous. Hence, magnetic flux cannot penetrate
in the shape of vortices. Consequently, the vortex-driven current densities are not very useful.
It is also demonstrated that a suitable iron environment can be selected to successfully control
the critical current density.

4.1 Introduction
The above-mentioned arrangement is vital to enhance the efficiency of YBCO films, so as to
boost the critical current density Jc besides avoiding magnetic field entry into the
superconductor. During last 30 years, adjusting the current distribution and flux in
superconductors through the transformation of their magnetic environment was believed to be
the prime concern of the industries developing superconductors. According to the theory of
Majoros et al., the transport ac loss could be decreased by magnetic shielding [64, 66].
Additionally, by introducing a proper soft magnetic environment around a thin superconductor
strip, Genenko et al. have hypothetically determined the probable process, i.e., either an
enhancement or the suppression of the loss-free transport current [7, 67, 96, 97]. Experiments
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performed on YBCO thin films and MgB2 wires have corroborated this information [23, 24,

57]. Furthermore, the critical current 𝐼𝐼c in a thin superconducting strip was considerably higher,

when it was placed in a soft magnetic environment with a high magnetic permeability µ, and it

could exhibit a higher transport current than that acquired in the critical state. This is known as

the overcritical state. The maximum overcritical current 𝐼𝐼 oc was 7 times higher as compared to
the critical current 𝐼𝐼𝑐𝑐 and it could be acquired only in a few practical instances.

In the proximity of the sample, the magnetic field distribution basically determines the

distribution of supercurrent, and its intensity is significantly higher at edges as compared to the
central region. Hence, the magnetic flux cannot enter into superconductor sample because of
the employment of an extremely permeable material. Thus, the Meissner state becomes
constant in thin films to finite values of 𝐵𝐵a [24]. As compared to the edges, the overcritical

current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 > 𝐽𝐽𝑐𝑐 in the central region is much higher. Moreover, the Meissner state
along with its magnetic field range can be successfully shifted or spread out to higher 𝐵𝐵𝑎𝑎 . An
overcritical state can be enabled without supplementary pinning centres, due to the interaction
between the soft magnetic mineral and the superconductor [23, 75, 98].

This chapter aims to illustrate various situations where the Meissner state of a superconductor
thin film can be rearranged in regular configurations of the applied perpendicular field and its
magnetic shielding. To envisage these scenarios, the resemblances, as well as the prominent
dissimilarities, are shown between the behaviour of the shielded thin film and that of the virgin
state of an isolated superconductor thin film.

4.2 Experimental methods
The pulsed laser deposition technique was used to form YBa2 Cu3 O7 thin films (see Chapter 3

for the method). Approximately 5 × 5 mm2 SrTiO3 (STO) substrates were employed to grow

all the films. In this work, an optimal thickness, i.e., 𝑑𝑑 ≈ 200 nm, was the calculated for the
thin films. The YBCO performance is determined by the optimal thickness. In thinner YBCO
films, the total capability of the films is reduced. In thicker YBCO films, the surface becomes

coarse, and the properties of the film are degraded, unless a multilayered structure is
introduced. So, the optimal thickness is realized at the maximum of the critical current density
Jc as the function of the film thickness. Moreover, the superconducting properties (magnetic
moment and critical temperature) of films were investigated in a Physical Property
Measurement System (PPMS, Quantum Design) and a Magnetic Property Measurement
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System (MPMS, Quantum Design),. An iron magnet that was cut to different dimensions was
placed directly on top of the superconductor. The iron magnet was fixed on the YBCO samples
with sticky tape. To separate the magnetic contributions of the superconducting thin film and
the magnetic environment, the magnetic moment of the composite was also measured at T =
110 K, which is above the critical temperature Tc of the YBCO superconductor. The thusobtained ferromagnetic response was subtracted from the total signal obtained below Tc. The
remaining signal was attributed to the superconducting contribution, as shown in Fig 4.1.

Figure 4.1 Magnetization curves of the YBCO thin film with and without magnetic
environment (0.5 𝑚𝑚𝑚𝑚 × 5 𝑚𝑚𝑚𝑚 × 3 𝑚𝑚𝑚𝑚) placed directly on top: (a) magnetization measured
at 10 K and 110 K, and (b) the results obtained after the ferromagnetic signal of the shield
was subtracted compared with the bare film.

4.3 Results and discussion
The deposition conditions can have significant effect on the superconducting attributes of
YBCO films. Accordingly, reasonably homogeneous films are characterized by their resistance
and magnetism-based measurements; these films are assigned characteristics similar to those
of widely accessible samples around the world and those small samples grown in our standard
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PLD setup [80]. Figure 4.2 shows one of the most important characteristics of HTS epitaxial
films, the critical temperature of superconducting transition Tc.

Figure 4.2 Normalized m as a function of temperature, measured at Ba = 2.5 𝑚𝑚𝑚𝑚 applied
perpendicular to the thin film surface, with and without a soft magnetic environment as
shown in Fig. 4.3(b).

The critical temperature Tc is given by the point where the magnetisation crosses zero. The
critical temperature was obtained for the bare film, and it was found that Tc = 91.0 ± 0.5 K. It
can be seen that a superior superconducting film with a very high superconducting transition
temperature and very low transition width was obtained. In Refs. [5, 80], it was demonstrated
that the higher Tc of YBCO films deposited with a lower laser repetition rate can be the result
of a longer oxygenation time between the laser pulses. In addition, films with higher
superconducting transition temperatures and the lowest transition widths were grown on
SrTiO3 (STO) substrates. For a thin film shielded by a soft magnetic environment, the
ferromagnetic signal of the iron controls the magnetic response of the film, and this control
extends above and below the critical temperature Tc. Because of the contribution of the
magnetic environment, the results obtained for bare films and films influenced by a soft
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magnetic environment could not be compared, although it could be observed that there was no
change in the transition temperature.

4.3.1 Thin-film influenced by one or two magnets
As depicted in Fig. 4.3, a simple soft magnetic environment configuration is shown for a
current-carrying superconductor thin film, which is supplied by one or two soft magnets. The
dimensions of each block of iron are width (w) 2 mm × length (L) 5 mm × thickness (h)) 3 mm.
The magnetic environment contribution calculated above Tc has been subtracted so that the
superconducting contribution of the thin film below Tc could be explained (see Fig. 4.4). The
ferromagnetic loop of the magnetic environment contribution exhibits insignificant hysteresis
(not visible on the scale of Fig. 4.4), which is characteristic behaviour for soft magnetic
materials.

Figure 4.3 The experimental arrangement, showing blocks of iron placed on the top of or on
top of and below the superconducting thin film to show the magnetic environment.

The maximum magnetic relative permeability 𝜇𝜇r of the iron before saturation was calculated
by use the equation:

Where:

𝜇𝜇
𝜇𝜇𝑟𝑟 = �𝜇𝜇𝑜𝑜 ≅ 30 (4.1)

The permeability of a vacuum is 𝜇𝜇o = 4π × 10−7 H/m

𝜇𝜇=

𝐵𝐵

𝐻𝐻

(4.2)
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Figure 4.4 Magnetization hysteresis loops of the magnetic environment (block iron)
measured above Tc at T = 110 K for one- and two-sided magnetic environments. The
saturation field Bs is defined at the crossing of the extensions (dotted lines) to the linear
parts of the curves.
Fig. 4.5(b) shows the superconducting contribution to the magnetization loops at 10 K as a
function of the applied magnetic field for the YBCO thin film shielded by a soft magnetic
environment. Subsequently, the matching curves obtained for the bare superconducting thin
films with no magnetic environment were compared with these results. Symbols and
connecting lines were used to plot the results of measurements on the thin film shielded by a
soft magnetic environment, and a connecting line was used to plot the results for bare thin film
measurements. For a better understanding, the graphical illustration only shows the negative
applied field half of the curves, because the other half offers no extra information and is
inversely uniform with respect to the m axis. Notably, several disparities were found between
the magnetization behaviour for the bare film and the film shielded by a soft magnetic
environment. Undoubtedly, the impact of the ferromagnetic environment is responsible for
these disparities. Figure 4.5(a) presents the Bean model, where the whole arrangement is
depicting the field dependence of the critical current 𝐽𝐽𝑐𝑐 obtained from the magnetization loops
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with the field applied vertically to the samples. Observers can clearly witness the notable
impact of the soft magnetic environment towards the enhancement of 𝐽𝐽𝑐𝑐 .

Figure 4.5 Experimental results for (a) the critical current densities Jc calculated from
measured magnetization loops for the YBCO thin film placed in the different magnetic
environments as shown in Fig. 4.3 at 10 K. (b) As-measured magnetic moment curves after
subtraction of the Fe block contribution component measured above Tc at T = 110 K. The
symbol curves are for thin film shielded on one or two sides, whereas the bold curve was
collected at the corresponding temperature for the bare thin film. The dashed line marks Bs of
the ferromagnetic iron sheath.
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Two sets of 𝐽𝐽𝑐𝑐 curves are shown in Figure 4.5(a). The connecting lines and symbols represent

the first set, which shows 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 for the thin film shielded by a soft magnetic environment with
two sides enclosed. On the other hand, the bold lines represent the other curve showing 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

of the bare thin film. Only certain curves measured at the temperature of 10 K are show. It is
evident that 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the samples where the magnetic environment is created by a magnet on one
side is surpassed by 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the samples shielded on two sides, and 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 of the bare thin film is

also outstripped for specific temperatures and field ranges. The enhancement is clearly seen
below 𝐵𝐵𝑠𝑠 = 0.18 T, which is marked by the dotted line in Fig. 4.5(a). 𝐵𝐵𝑠𝑠 is the saturation field
of the magnetization for the ferromagnetic response of the magnetic environment defined
above Tc in a similar way as in Refs. [98, 99]. The saturation field of magnetization in the

magnetic environment is assumed to be correlated with the magnetic behaviour of the film
shielded by a soft magnetic environment below Bs (see Fig. 4.4). The practical experiments are
qualitatively in line with previous analytical and numerical results concerning idealized shields;
they demonstrate the existence of non-dissipative overcritical states associated with substantial
redistributions of the sheet current towards the center of the film and significant enhancements
of the total loss-free current that can be carried by the film. The saturation occurs when the
magnetic domains in the iron become aligned along the applied external magnetic field.
Regarding the film shielded by a soft magnetic environment, alignment of the magnetic
domains inside the magnetic environment, the magnetic saturation is achieved, and the
magnetic domain and the magnetic energy of the stray fields is actually at their maximum and
this alignment goes up to the Bs. In other words, the magnetic flux cannot penetrate in the shape
of vortices. In addition, inside the films, a redistribution of supercurrents is presumably created
by this interaction, leading to the removal of undue stray fields near the edges of the thin films.
The penetration of magnetic flux is instigated by the demagnetization effects and the sharp
peaking of the current at the edges of a bare superconductor thin film. Consequently, a
nonlinear electromagnetic response is observed. Thus, the productivity of the superconducting
thin film is weakened. In this regard, the dotted lines for the bare film can be observed in the
lower part of Fig. 4.6.
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Figure 4.6 Upper part: superconductor thin films surrounded by magnets on (a and b) one
side and (c) two sides for soft magnetic environments. Lower part: distribution of the sheet
current in the marginal Meissner state for the magnetic environments\ configurations shown
above.
A superconductor thin film between two pieces of soft magnetic materials forms an
arrangement in which the inhomogeneity of the Meissner current across the thickness of the
strip is largely controlled. Regarding the bare thin film, a ∪-like shape across the strip is
maintained by the flux-free Meissner current distribution (see lower part in Fig. 4.6). So, in the
presence of a soft magnetic material placed on the top of a thin superconductor film, the current

distribution can effectively be transformed into a ∩-like distribution, depending on the
geometry of the magnet and the distance between the superconductor and the magnetic
environment [75]. For the first arrangement, see Fig 4.6(a), the magnet is placed on the top of
a thin superconductor film, and there is almost no distance between them. Concerning the flat
magnetic environment, if the thin film is completely covered by the magnetic environment, it
results in the reduction of the current peaks at the edges with a levelling of the current
distribution, see Fig. 2.16(a and c) for reference. In contrast to this, strong inhomogeneities are
found to develop for different values of the radius of curvature of a curved iron block, with
concomitant enhancement by several times of the maximum total current predicted in the
Meissner state [76]. Because of the iron block dimensions (w (2 mm) × h (3 mm) × L (5 mm)),
the current distribution becomes nonuniform on the sides of the sample. So for clarity, the
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samples were divided into two parts (A and B). For part (A) the magnetic environment covers
only part of the superconductor, as shown in Fig. 4.6(a), and the current distribution becomes
nonuniform, developing a central hump, as shown in Fig 4.6(d). On the other hand, for part
(B), the magnetic environment covers all parts of the superconductor, as shown in Fig. 4.6(c),
and this leads to flattening of the current distribution and a reduction of the current peaks at the
edges, as shown in Fig. 4.6(e). The final result of the current distribution in the sample will
depend on the current distribution on both sides of the sample. The central hump therefore
controls the outcome of the final current distribution (see the dashed line in Fig. 4.6(f)). A
considerable improvement of the total loss-free current is produced by the result of this
redistribution, which can be accepted by the thin film. As far as the first entry of magnetic flux
on the sample edges is concerned, the Meissner state remains continuous provided that 𝐽𝐽Meissner

remains below some threshold value 𝐽𝐽t , and this condition will be satisfied with an increase of
the magnetic field 𝐵𝐵a , which was vertically applied. The flux inside the superconductor
triggering a stretched edge barrier, or Bean-Livingston or geometrically based barriers is
considered to determine the threshold value 𝐽𝐽𝑡𝑡 .

The films with a one-sided magnetic environment showed an increase in critical current, as is
evident from the results, which is clearly suggestive of a uniform current distribution.
Physically important for all above solutions is that the sheet remains in the flux-free Meissner
state. Once the thin film is approached by the magnetic environments, a concurrent growth is
observed in the maximum total current. At this point, the smallest distance between the strip
and the magnets might determine the maximum possible current peak reduction at the edge
[76]. The Meissner state is stabilized on the side with the magnetic environment [7, 99]. On
the side without the magnetic environment, a breakdown of the Meissner state is caused by the
large flux density values and the large peaks of current density. It is observed that Meissner
state breaks down at the side without the magnet, and the edge of the sample shows the
initiation of flux penetration of the maximum state due to significantly higher values of flux
density and higher peaks of current density on the side without the magnet. Indeed, when the
magnet is on the top of the sample the current distribution is strongly nonuniform over both
sides of the thin film, which leads to a nonuniform force (stronger on the top and weaker at the
bottom of the superconducting thin film). When the sample is shielded from both sides,
however, because of the thickness of the substrate (0.5 mm), there is a space between the
superconductor and the iron piece. This distance affects the results obtained, as will be
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discussed in the next section. The current behaves exactly as in the stack and linear array of
superconductor films for strip positions parallel and perpendicular to the magnet walls,
respectively. Based on these results for the thin-film shielded on two sides by the soft magnetic
environment, one can expect that a stronger redistribution of the current over both sides of the
thin film. As a result, the main modification in the current distribution is a decrease in the peak
of the current density at the edges next to the magnets, and the central hump of the current
distribution becomes increasingly dominant. This leads to the preservation of the Meissner
state, so that it survives at high magnetic fields, as shown in Fig. 4.6(f).
In order to collect the M(Ba) measurements, thin films shielded by magnetic environments were
placed in an external magnetic field in such a way that the c-axis of the YBCO films and the
field were oriented in parallel. Fig 4.7 shows a comparison between the typical 𝑀𝑀(𝐵𝐵a ) curves
of a bare YBCO film and a film shielded by the magnetic environments of one or two magnets

for various temperature points, i.e., 5, 10, 20, 40, 50, 60, and 77 K, that also lie below the
superconducting transition Tc. The critical current densities 𝐽𝐽𝑐𝑐 (𝐵𝐵𝑎𝑎 ) were determined in this
section by measuring the curves for all probable forms for thin films shielded by a magnetic

environment. From this study, it was concluded that there are differences between bare films
and films shielded by a magnetic environment in terms of magnetization behaviour. The effects

of the magnetic environment obviously give rise to these differences. By comparing the 𝑀𝑀(𝐵𝐵𝑎𝑎 )

curves at B ≈ 0 T for both films. i.e., bare YBCO plain films and films with one and two sides

magnetic, it was found that thin films shielded by a magnetic environment show higher 𝑀𝑀(𝐵𝐵𝑎𝑎 )
curves. Since the magnetic field was prevented from entering the sample, therefore, an

enhancement in the current is shown. In other words, all the magnetic energy within the volume

of the film is spent on alignment of magnetic domains inside the iron magnetic environment,
and no energy is left to affect the superconductivity in the film [23]. In addition, the
supercurrent profile over the strip can be redistributed so that the supercurrent is pushed away
from the film edges into the central part of the film, resulting in a total current that is higher
because it leads to a redistribution of the current in the film, a decrease in the peak current
density at the edge, and an increase in the current density in the centre of the film [75, 100].
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Figure 4.7 Magnetization curves of the YBCO films in contact with a magnet (a) on one side
and (b) on two sides at different temperatures (5 to 77 K). The plain connecting lines denote
curves measured for bare thin films, while the symbols and connecting lines show the results
for the thin films in a magnetic environment after subtracting the magnetic environment
contribution.

4.3.2 Dependence of the magnetic environment on distance
The most crucial parameter for the substantial current redistribution is the distance between the
superconducting thin film and the bulk magnets. A direct relationship was demonstrated, i.e.,
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if the distance between the film and the magnet changes, the current distribution also changes
strongly over the superconducting sheet. Depending on the geometry, the Meissner state of the
sheet may be considerably protected or supressed through the effect of the distance on the
suppression or enhancement of the edge barrier critical current [7, 76, 101]. The magnetic
environment parameters were kept constant with respect to dimensions, i.e. (w) 2 mm × (h) 3
mm × (L) 5 mm, in order to study the stability of the flux-free Meissner state at a wide range
of distances between the magnet and the film. Before the saturation, iron’s maximum magnetic
relative permeability 𝜇𝜇r at 110 K was found to be 7.12. A magnet was placed on top of a

YBa2 Cu3 O7 thin film, and subsequently, a SrTiO3 substrates 0.5 mm in thickness were used to

change the distance between the magnet and the superconductor film. Fig 4.8 shows that the
thin film was placed perpendicular to the direction of the external magnetic field.

Figure 4.8 The experimental arrangement, where a magnetic block ((w) 2 mm × (h) 3 mm ×
(L) 5 mm) placed above the superconducting thin film at different distances to change the
magnetic environment .
Fig 4.9 illustrates the results of magnetization measurements caused by iron above the YBCO
superconducting film at different distances. Both films, i.e., thin films in magnetic
environments and bare thin film were put under the same conditions and their respective
measurement results were compared. Curve measurements for the thin films shielded by a
magnetic environment are shown in Fig 4.9 (a) and (b). At two temperatures points, i.e., below
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the Tc at T = 10 K and above the Tc at T = 110 K, the film is dominated by the magnetic
environment signal. Fig 4.9(c) shows the superconducting contribution by symbols and was
calculated by subtracting the magnetic environment contribution measured above Tc from the
measured curves below Tc. That of the bare thin film is displayed in the curve plot made with
bold lines. It is clear from the Figures for films shielded by a soft magnetic environment that,
at low applied fields such as for |𝐵𝐵a | ≤ 0.05 T, a strongly supressed or vanishing signal is

observed.

The full operational range of the flux-free Meissner state in the film was extended for various
field intervals. Moreover, Fig. 4.9(a) shows that this higher field region exhibits iron’s
ferromagnetic response along with the saturation of the magnetic moment at |𝐵𝐵s | = 0.0375 T,

which is demonstrated in Fig. 4.9(a) at the crossing point of the dashed and dotted lines. The
highly permeable iron shielding is used to gather the flux below Bs, whereas screening is no
longer complete above Bs.

70

Figure 4.9, (a) As-measured magnetic moment curves for the YBCO film for different distances
between the film and the iron block bottom surface, as shown in Fig. 4.8, at T = 110 K. (b) The
same magnetic moment curves at T = 10 K. (c) The same magnetic moment curves shown in (b)
after subtraction of the Fe block contribution component measured above Tc at T = 110, as shown
in (a). The solid lines show the same results for the magnetic moment measurement of the same
YBCO film measured without the magnetic environment. For a direct comparison and direct
identification of the influence of the magnetic environment on the YBCO thin film. All the
measurements were carried out in a magnetic field applied perpendicular to the surface of the
film.
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Figure 4.10 Critical current densities calculated from measured magnetization loops for
different distances in the magnetic environment. The symbols and their connecting lines
denote the behaviour of the film surrounded by soft magnetic environment 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 , whereas the
bold line denote the bare film 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . The dotted lines mark Bs of the magnetic environment.

The inset shows the enhancement 𝜂𝜂 of the critical current density by the iron as a function of
distance.

The magnetization loops at varying distances were used to determine the overall field
dependence of the critical current density 𝐽𝐽c between the superconductor and the magnetic

environment. Connecting lines and symbols are used to plot sets of 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 curves, while the bold
lines are used to plot other curves of 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 for the bare thin film, as shown in Fig 4.10. Only

certain curves measured at the temperature of 10 K are shown in the plot. Different values of
the critical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 are due to the varying values of the distance between the

superconductor and the magnet. According to the values, it can be concluded that the maximum
critical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 is the most important feature of the thin film and is almost directly
related to the inverse magnet superconductor distance. For example, the field Ba = 0 T

corresponds to the shielded film at the Jcoc peak. The inset to Fig 4.10 illustrates the magnetic
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environment results for the critical current enhancement. From Fig 4.10, it can be seen that 𝜂𝜂 =
𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 /𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 can be larger than 1.8 as compared to those of smaller distances between the iron and
the superconducting thin film.

Keeping all the parameters constant except for the distance, which is reduced, leads to more
pronounced field compensation effect, and as a result, the critical current values approach their
maximum. One can observe that the current distribution reproduces the pattern characteristic
of the shielded film. When the magnets approach the film to a distance, the current starts to
redistribute to the centre of the film. At close contact of the film to the magnets the major part
of the strip remains flux-free even at high total currents, the critical current of the isolated strip,
thus reminiscing the current distribution in a magnetically screened superconducting film with
a high edge barrier against flux entry. The shape of the magnetic environment greatly affects
the film in terms of the current distribution, specifically at its central flux-free part. Whereas if
we consider a flat magnetic environment, which covers all film surfaces, it not only leads to a
flattened current distribution when the magnets approach the sheets, but also reduces the peaks
of the current at the edges. In this case, where the complete film surface is not covered with the
magnet, it leads to an increasingly non-uniform current distribution in which a central hump
appears and the total current increases accordingly when the magnet tips approach the film.
This enhancement can be compared with the bare film and is greater by a factor of
approximately 1.8. Whereas, if the distance between the magnet and the superconductor
increases, the central hump decreases from the top, and as a result, the current peaks at the
edges increase. Moreover, increased values of the sheet current can be experienced not only at
the film centre, but around the shield tips as well. As a result, local penetration of the magnetic
flux along with a nonlinear electromagnetic response may occur.

4.3.3 Dependence of the magnetic environment on the width of the magnets
Another important parameter that can be controlled precisely through adjustment of the
dimensions of the iron magnet in experiments is the magnetic environment width. An iron cube
of length 5 mm was made and placed on the top of a superconducting film. As shown in Fig
4.11, the width of the magnet was reduced after each measurement while keeping the other
dimensions constant. Fig 4.12 illustrates results of the magnetization caused by the iron at
different widths when laid on top of a YBCO superconducting film.
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Figure 4.11 The experimental arrangement showing a magnetic block placed on the top of an
YBCO superconducting thin film for different magnet widths.

Similarly, both films, i.e., a thin film shielded by a magnetic environment and a bare thin film
were put under same conditions, and their respective measurement results were compared.
Curve measurements for the thin films in the Fe environment are shown in Fig. 4.12(a) and (b).
At two temperature points, i.e., below the Tc at T = 10 K and above the Tc at T = 110 K, the
film is dominated by the magnetic environment signal. Fig 4.12 (c) indicates the
superconducting contribution by symbols, and the solid lines were calculated by subtracting
the magnetic environment contribution measured above Tc from the measured curves below
Tc, while the performance of the bare thin film is indicated by the plot made with bold lines.
Fig. 4.12(a) shows ferromagnetic loops for the different widths of the magnet. Insignificant
hysteresis, which is characteristic of soft magnetic materials. The fact that the bare films are in
varying magnetic environment widths implies that there are numerous differences in their
respective magnetization behaviour.
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Figure 4.12, (a) As-measured magnetic moment curves for the YBCO film for different
widths of a magnetic environment as sown in Fig 4.11, at T = 110 K. (b) The same magnetic
moment curves at T = 10 K. (c) The same magnetic moment curves shown in (b) after
subtraction of the Fe block contribution component measured above Tc at T = 110 shown in
(a). The solid lines are the same result of the magnetic moment measurement for the same
YBCO film measured without the magnetic environment for the direct comparison and direct
identification of the magnetic environment influence on the YBCO thin film. All the
measurements have been carried out in a magnetic field applied perpendicular to the surface
of the film.
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These same experimental conditions were applied in each trial, however, and thus these
differences can be correlated to an interaction between the superconducting film and the its
magnetic environment. Fig 4.12(c) shows the same, that, at certain field ranges, there are
increased widths of the magnetization loops.
Although for varying magnetic environment widths, no significant difference was observed in
the saturation magnetization Bs, but in terms of the superconducting magnetization signals,
these small changes played a major role and produced prominent changes. It can be concluded
that, for magnetic environments with more than 2.5mm width, the saturation Bs shows a rapid
rise and saturates to a comparatively persistent value. The samples have a flat geometry;
therefore, due to smaller applied fields, their screening becomes incomplete. This fact was
quantified by the finite element analysis method in [75, 102].
For the determination of the critical current density for various magnet widths, magnetization
loops were used. Different magnetic environment widths give different values of the critical
current density 𝐽𝐽𝑐𝑐 . The curves obtained for 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 curves are represented by symbols and

connecting lines, while the curves obtained for 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 of the bare thin film are represented by

bold lines. This can be seen in Figure 4.13. The dotted line in Fig 4.13 represents the values

obtained for magnetic behaviour demonstrated by the magnetic environment below Bs = 0.55
T that indicate saturation fields of magnetization for various widths of the magnetic

environment. Critical current enhancement can be identified by 𝜂𝜂 = 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 /𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 and values of
𝜂𝜂 for the magnetic environment are shown in Fig. 4.13. At 5 mm width of the magnetic
environment, which is rather a complete shielding, the critical current density is observed to be
low as compared to the results of the lowest width shields. At 1 mm width the critical current

density observed is greater than 2.1 times as great. These readings are shown by the curves in
Fig. 4.13. The low values of 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 refute the concept that high shielding capacity enhances the
value of 𝜂𝜂 and therefore increases performance of the film. The screening capacity of the iron

shielding is not considered in the case the where the external field is greater than 0.5 T, because
at this point, there is no significant divergence between the curves.

The change in results can be attributed to the current distribution in the central flux-free part
of the strip which is very sensitive to the width of the magnets and may simply be interpreted
as follows. In the first case, when the magnet covers the entire surface of the film, the current
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tends to flow in the surface layers close to the magnet. By further increase of the total current
the sheet current in the flux-free zone grows and becomes finally larger than Jc. For these
measurements, if there is no distance between the film and the magnet, the current is pushed
from the inner part of the sheet out to the edges and causes a flattening of the current
distribution and a reduction of the current peaks at the edges. The maximum current
enhancement obtained in this magnet widths 𝜂𝜂 = 1.7. On the other hand, when the tips of the

magnetic environment contract (the width of the magnet is less than the width of the film) the
current distribution becomes increasingly nonuniform, developing a central hump, and the
maximum total current grows accordingly, such that there is an enhancement by a factor of
η = 2.1, this is compared between bare film and different magnet widths , compared with the
case where the magnet covers the entire surface of the film, which results for a magnet width
of 1 mm. As a result, the distribution of the static magnetic field around the superconductor
film, the distribution of the sheet current in the film, and the maximum total current carried
density by the film can be controlled by changing the width of the magnet. Suffice it to add
that, by selecting the appropriate parameters for the environment, higher current values can be
obtained. These results generally agree with the results obtained in numerous calculations in
Ref. [77].
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Figure 4.13 Critical current densities calculated from measured magnetization loops for
different magnetic environment widths. The symbols and connecting lines denote the
behaviour of the film surrounded by a soft magnetic environment 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 , whereas the bold line

denotes the bare film 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . The dotted lines mark Bs for the different widths. The inset shows
the enhancement η of the critical current density by the iron magnet as a function of widths.

4.3.4 Dependence of the magnetic environment on the thickness of the
magnets
The thickness of the magnetic environment draws a line between the overall volume and the
performance of the magnetic circuit, which makes it perfect for practical applications. In order
to find the efficacy of the magnetic environment, a superconducting film covered with diverse
thicknesses was employed. From a general understanding of a typical series magnetic circuit,
a larger thickness can provide a more sufficient paths for the passage of flux, and thus, it will
keep more flux away from the superconductor region [103]. In addition, the distribution of the
static magnetic field around the superconductor film, the distribution of the sheet current in the
film, and the maximum total current carried density carried by the film can be controlled by
changing the thickness of the magnetic environment.
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Figure 4.14 The experimental arrangement, with a magnetic block placed on the top of an
YBCO superconducting thin film for different magnet thicknesses.
The magnetic environment dimensions were width = 2 mm, length = 5.00 mm, and thickness
= 10 mm. After each measurement, the thickness of the magnet was reduced, keeping the other
dimensions constant, as shown in Fig. 4.14. The results for magnetization of a thin
superconducting film with varying magnet thickness is presented in Fig 4.15. A comparison is
made between these results and the results obtained for bare films. Fig. 4.15(a and b) shows
that the film is affected by the magnetic environment signal in the regions above and below Tc.
Following the previously used procedure, the difference obtained after deduction of the
magnetic environment contribution above Tc from the curves below Tc is actually the
superconducting contribution of the thin film shielded by a magnet with varying thicknesses,
which is represented by the symbols and lines in Fig. 4.15(c). On the other hand, the curve
made from a bold line with no symbols represents the superconducting contribution of the bare
thin film.
There were many differences between the magnetization behaviour shown by the bare film and
that of the film with different magnet thicknesses. The greater the magnet thickness, the lower
was the peak enhancement, as indicated by the curves shown in Fig. 4.15(c). Fig 4.15(a)
indicates the surprising outcome of fast saturation Bs with increasing thickness of the magnet.
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As the thickness of the magnetic environment increased, smaller values were obtained for the
saturated peak. Conversely, higher magnetic fields hastened saturation when the thickness was
small. Due to the strong association between the magnetic environment effect and the
thickness, thin magnetic screens also showed a significant shielding effect. The predictions of
the simulations are qualitatively in line with previous analytical and numerical results
concerning idealized shields; they demonstrate the existence of non-dissipative overcritical
states associated with substantial redistributions of the sheet current towards the centre of the
strip and significant enhancements of the total loss-free current that can be carried by the
strip[66]. In addition, it is clear that, by increasing the thickness of a magnetic strip, one can
enhance the magnetic field at the edges of a superconducting strip and retain it in the middle.

In Fig. 4.16, curves have been plotted of the critical current density Jc. Curves of critical current
density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 are plotted with symbols and connecting lines, whereas the curve of the bare thin

film 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is plotted with a bold line. The results were analyzed in a similar manner to the

earlier cases. These measurements were taken at T = 10 K. It is clear that the signal strength
depends on the saturation field of the magnetic environment. Also, the performance of the film

shielded by a soft magnetic environment was better with a larger thickness than with a smaller
thickness. As mentioned before, saturation of the magnetic environment is directly correlated
with the performance of the magnetic environment. For clarity, the results of the critical current
enhancement by the magnetic environment are summarized and shown in the inset of Figure
4.16. A striking feature of these curves is that the signal strength depends on the saturation field
of the magnetic environment. In the lower applied fields, the performance of the film with a
larger magnet thickness is better, quite superior to that of a film with a thinner magnet.
The maximum current enhancement was obtained in the case of 𝜂𝜂 = 2.75 for the film with a
magnet thickness of 10 mm but the scope for improvement is related to the saturation field of
the magnetic environment where it is low, for example, Bs = 0.025 T.
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Figure 4.15 (a) As-measured magnetic moment curves for the YBCO film with different
magnet thicknesses on top, as shown in Fig 4.14, at T = 110 K, with the inset showing Bs as a
function of film thickness. (b) The same magnetic moment curves at T = 10 K. (c) The same
magnetic moment curves shown in (b) after subtraction of the Fe block contribution
component measured above Tc at T = 110 K shown in (a). The solid lines are the same result of
the magnetic moment measurement for the same YBCO film measured without the magnetic
environment for a direct comparison and direct identification of the influence of the magnetic
environment on the YBCO thin film. All the measurements have been carried out in a magnetic
field applied perpendicular to the surface of the film.
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On the other hand, the improvement of critical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 started to decrease with

decreased thickness of the magnet, but the effectiveness of the magnetic environment was

improved in higher magnetic fields. The current enhancement obtained for the film with a
magnet thickness of 0.3 mm was 𝜂𝜂 = 1.09, and the saturation point of the magnetic
environment was Bs = 0.3 T. This change in the performance of the film with a magnetic

environment depending on the saturation field is referred to as the full operational domain of
the extended flux-free Meissner state in the thin film. In addition, from a theoretical point of
view, transport currents may be strongly redistributed in superconductor strips when exposed
to magnetic shields, bringing about drastic enhancements of the total loss-free current as
compared to the conventionally attainable critical current.

Figure 4.16 Critical current densities calculated from measured magnetization loops for
different magnetic environment thickness. The symbols and connecting lines denote the
behavior of the different magnetic environment 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 , whereas the bold line denote the bare

film 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . Insert fig shown the enhancement 𝜂𝜂 of the magnetic environment on the critical
current density as a function of thickness.
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Therefore, for practical applications operating in high magnetic fields, it is possible to employ
thin magnetic films with high permeability in order to control the current distributions in
superconducting strips.

4.3.5 Dependence of the magnetic environment on the length of the magnets
Increasing the magnet length means that the length of the block of iron will exceed the length
of the thin film. To study the magnetic environment length in isolation, the magnetic
environment dimensions were width = 2 mm, length = 8.00 mm, and thickness = 5 mm. After
each measurement, the length of the magnet was reduced, keeping the other dimensions
constant, as shown in Fig. 4.17.

Figure 4.17 The experimental arrangement, where a magnetic block was placed on the top of
an YBCO superconducting thin film for different magnet lengths.
The results obtained after magnetization for the different lengths are shown in Fig 4.18. The
results obtained were analysed and compared in the same way as in the previous sections. The
amount of signal was too low to be noticed for low applied fields |Ba | ≤ 0.02 T for the magnetic
environment curves. This is because this field region was characterised with the full operational
range, leading to the flux-free Meissner state inside the film. This region has corresponding
characteristics to the ferromagnetic response of iron with saturation at Bs = 0.015 T, as evident
from dotted line in Fig 4.18. A highly absorbent magnetic environment will collect flux below
Bs while the screening remains incomplete above Bs.
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Figure 4.18 As-measured magnetic moment curves for the YBCO film for different lengths of
the magnet, as shown in Fig 4.17, at T = 110 K. (b) The same magnetic moment curves at T =
10 K. (c) The same magnetic moment curves shown in (b) after subtraction of the Fe block
contribution component measured above Tc at T = 110 K, as shown in (a). The solid lines are
the same result of the magnetic moment measurement for the same YBCO film measured
without the magnetic environment for a direct comparison and direct identification of the
influence of the magnetic environment i on the YBCO thin film. All the measurements have
been carried out in a magnetic field applied perpendicular to the surface of the film.
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The distribution of the static magnetic field around the superconductor film, the distribution of
the sheet current in the film, and the maximum total current carried density by the film can be
controlled by changing the length of the magnets. At specific field ranges, there is an increase
in the width of magnetic loops, so their magnetization values also change for varying magnet
lengths. So, these discrepancies can be related to an interaction between the magnetic
environment and the superconducting film.
Figure 4.19 depicts the field dependence of the critical current density Jc for varying lengths of
the shield. Curves of critical current density Jc are compared with that of bare thin-film in same
manner as before at T =10 K. The critical current density of shielded 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 and bare thin-

film 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are shown in Fig. 4.19. Curves of the critical current density for the shielded film is

shown with light lines and symbols, while that of bare thin-film is shown with prominent lines.

Figure 4.19 Critical current densities calculated from measured magnetization loops for
different magnet lengths. The symbols and connecting lines denote the behaviour of the
different magnet lengths as reflected in 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 , whereas the bold line denotes the 5*5 mm, bare
film 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . The inset shows the enhancement 𝜂𝜂 of the critical current density by the
magnetic environment as a function of magnet length.
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Again, at specific field ranges, the fields of critical current density for the shielded films surpass
the fields of critical current density for the bare thin film.
These outcomes are shown in Figure 4.19. These curves are unique since they show that the
signal strength is related to the saturation field of the magnetic environment. It is clearly
displayed that the performance is much better with longer lengths rather than shorter ones. A
comparison is made between critical current enhancement η for various widths of magnetic
environment and volume of magnetic environment. The values of 𝜂𝜂 are given in Fig 4.20(a). It

is evident from the results that the enhancement does not depend on the magnet volume. The
strong relationship between the enhancement and the magnetic permeability is evident from
the comparison of the results for various magnet dimensions, as shown in Fig 4.20 (b).

Figure 4.20 (a) The critical current density enhancement, in which the maximum
enhancement occurs as a function of the normalized volume for different dimensions of the
magnets, and (b) the relative permeability for different dimensions of the magnets.
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4.3.6 YBCO thin films shielded by a thin magnetic environment
As per the results obtained previously, there are better prospects of using magnetic screens
effectively as shielding agents. Their application in enhancement of current in films is
especially significant in this context. An YBCO thin film, shielded by an Fe thin film (with a
thickness of 100 nm), was the next group of shapes tested. The Fe thin film has been obtained
by depositing the Fe on SrTiO3 (STO) substrates using the pulsed laser deposition technique,
as explained in the previous chapter. A T-shape denotes that Fe thin film is set perpendicular
to the sample surface, while on the other hand, a parallel shape implies that the Fe thin film is
set parallel to the tested object see Fig 4.21.

Figure 4.21 Schematic view of the system where the superconducting film lies underneath a
magnetic thin film: (a) T-shape and (b) parallel shape.
Figure 4.22 shows the field dependence of the critical current density Jc shielded by an Fe thin
film. The critical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 curves are compared with 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 for the superconducting
thin film, measured at T = 10 K and 77 K, as shown in Fig. 4.22 (a and b). The symbols and
connecting lines curves are for the 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 thin film shielded by the magnetic environment, whereas

the open symbols and the bold curve correspond to the 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 bare thin film. One can clearly

see that 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the shielded samples in the T-shape configuration exceeds 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the shielded
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samples in the parallel shape and exceed the 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 of the bare thin film, when measuring the

sample at a temperature of 77 K. For clarity, the results of the critical current enhancement by
the magnetic environment are summarized in Figure 4.22 (c and d). In addition, the relative
difference in 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 between the different configurations increases with increasing applied
external field. At low temperatures, the magnetic environment effect was not observed.

Figure 4.22 (a and b) Critical current densities calculated from measured magnetization loops
at 10 K and 77 K for T-shape and parallel shape configurations and bare film, (c and d) the
critical current enhancement 𝜂𝜂 = 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 /𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 at 10 K and 77 K respectively.
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A minor shielding effect can be detected at low magnetic fields at 77 K, although a significant
increase was achieved in high magnetic fields. The following may explain the corresponding
change. Considering the interactivity between the thin YBCO film and the 100 nm thin
magnetic film set perpendicular to the (T-shape) sample’s surface, earlier mathematical studies
indicated that the resulting magnetic strip denotes a finite single plane on in-plane dipoles
positioned perpendicular to the SC [104]. It is understood that a vortex is pinned at its negative
pole by an in-plane magnetic dipole, so that the magnetic field of the vortex acts parallel to that
of the dipole. It is probable that an anti-vortex that existed in the system would be pinned on
the opposite pole. This occurs as a result of the two-fold nature of the interaction. The
interaction energy, in this respect, however, due to the fact that the magnet stretches entirely
over the SC film, the interaction energy depends on the distance from the stripe and the
thickness of the magnet [104]. Contrary to this, in the parallel shape, the vortex is drawn to the
magnetic field’s negative pole where the magnetic field acts parallel to the vortex field (and
vice versa). Similarities are witnessed between the aforementioned phenomenon and the outof-plane magnetised dipole field (whereby the vortex is attracted by the magnetic moment
acting parallel to the outer flux lines and vice versa). Additionally, this inference also results
from the examination of interactions between induced currents and the vortex [105].
The interactivity between the magnetic material and the vortex weakens as the critical
temperature is reached. This further weakens the pinning, upsetting the equilibrium position of
the vortex so that it shifts farther away from the magnetic material. So, it can be said that, when
the critical temperature is reached, there is a sharp rise in the magnet-vortex equilibrium
distance. On that account, the magnet material will efficiently shield the neighbouring
superconductor from vortices close to the superconducting/normal state, as they are pinned far
from the strip. [106].

4.4 Summary and Conclusion
This chapter has focused on a study of the flux-free Meissner state of an YBCO superconductor
thin film that is shielded by a soft magnetic material with varying configurations. For this
purpose, a magnetic field was applied perpendicular to the sample 𝐵𝐵a ‖𝑐𝑐 surface, and analytical

results were obtained by separating the magnetic contributions of the superconducting thin film
and the magnetic environment. The results obtained provide evidence for the fact that the
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varying geometries of the magnetic environment influence the magnetic screening of the
superconducting film. The most effective screening occurs for the magnetic environment from
magnets on both sides of the film with only a little distance between the film and the magnet.
The results obtained not only indicate the notable redistribution of the sheet current to the centre
of the film, but also demonstrate the significant improvement in the total loss-free current, in
that that the current can carried with ease by the film for a soft magnetic environment shielding
it from both one side or two sides, but with a bias in favour of the latter type of environment.
With a little modification, i.e., reduction in the peak of the current at the edge next to the
magnetic environment, the main hump of the current distribution becomes progressively
dominant. In addition, the distribution can be attributed to an effective reduction of
demagnetization effects by the soft magnets leading to a modified condition for the entry of
magnetic flux into the superconductor. This leads to the preservation of the Meissner state, so
that it survives at high magnetic fields.
The gap between the superconducting film and the magnetic environment serves as the most
important variable for the considerable current redistribution. Direct contact and consequent
complete suppression of the current peaks at the edges is achievable and increases the current
distribution in the central flux-free part. With the highest critical current enhancement noted at
η = Jcoc /Jcbare = 1.8 at 10 K when the distance = 0 between the superconducting thin film and

iron, it can be asserted that the maximum total current redistribution (carried by the film)

increases in the considered geometry. This growth is estimated to be proportional to the inverse
magnet superconductor distance.

It is believed that an optimal form of magnetic material can be obtained by altering the
dimensions of the magnetic environment. The optimal form is also expected to allow for greater
compensation. This theory is based on the proven premise (true for low magnetic fields) that
the effects of the magnetic field at the edges of a superconducting strip can be enhanced and
maintained at the centre by maximizing the thickness of the magnetic environment. In contrast,
by employing a magnetic environment of limited thicknesses, a current peak reduction effect
is established at the film edge adjoining a magnetic wall, which can be used in high-current
and high-applied field applications. In addition to that, it has also been discovered that
increasing the magnetic environment width flattens the current distribution by decreasing the
current peak in the centre of the film. In spite of the increased length of the magnetic
environment, a most peculiar behaviour of current distribution was noticed. The maximum
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current densities observed due to the Meissner effect were ten times greater than for the bare
film, requiring further study.
It is extremely important that the film continues to remain in flux-free Meissner state, which
can be distinctly observed below the Bs saturation field of magnetization for the ferromagnetic
iron shielding. When it comes to the shielded film, every bit of the magnetic energy present
within the volume of film is exhausted on alignment of magnetic domains inside the magnetic
environment, which leaves no energy to affect the superconductivity of the film. This effect
can be observed until the film shielded by a magnetic environment reaches Bs.
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Chapter 5
Transport overcritical current in superconducting thin film
surrounded by soft magnetic environment (shielding)

The previous chapter was concerned with effects of changes in the magnetic environment on
the critical current in a superconducting thin film. The study reported in this chapter deals with
YBCO thin films with and without a magnetic environment. The chapter is focussed around
the discussion of in-depth measurements of the field dependence of the critical transport current
transformed by a soft magnetic environment (shielding).

5.1 Introduction
The critical current Ic (maximum flux-free current) is the most important parameter for
superconductors in terms of their applications. What makes two-dimensional superconductors
(SCs) especially appealing for application purposes is the fact that the best critical current Ic
achieved on practical SCs was measured on thin films prepared by different techniques. These
exceptionally promising hybrid structures, which demonstrate complex control of the
supercurrent density and magnetic flux, are structures composed of thin superconductor strips
and soft-magnetic environmental shields of precisely customized shapes, so that they can act
as components of both large-scale power shields and microelectronic devices. Moreover, the
performance of these superconducting devices can be impaired due to a nonlinear magnetic
response. Such a reaction is caused by sharp peaking of the current at the edges of SC strips,
which induces magnetic flux penetration, ultimately leading to a nonlinear magnetic response.
The magnetic conditions designed for particular engineering geometries produce current
inhomogeneity around the centre of the strip, leading to major changes in the total loss-free
current that a strip can carry. Thus, thin superconductors such as the thin superconductor strips
that take advantage of specific shapes in a soft-magnetic environment, allow for complex
regulation of the current distribution and magnetic flux [67, 72, 77, 107].
Horvath et al. [57] have observed strong magnetic shielding in iron-sheathed MgB2 wires. The
presence of iron leads to 𝐼𝐼𝑐𝑐 hysteresis for 𝐼𝐼𝑐𝑐 (𝐵𝐵) characteristics and 𝐼𝐼𝑐𝑐 anisotropy for variable
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external field orientations [108]. Finite element modelling was used to evaluate the effect of
the magnetic sheath on the Ic(B) and Ic(𝜃𝜃) characteristics. This modelling considered the actual
form of an MgB2 core, iron sheath, and information regarding the Ic(B) dependence obtained
for a copper-sheathed MgB2 conductor [109, 110]. Because of the large values of the critical
currents, the measurements had to be performed by a pulsed current method. From the
evaluation of the shape, it was discovered that the Ic(B) curve’s shape for as-deformed (low
critical current density, 1-5 × 104 A/cm-2) wires in the low field region was dependent on the

self-field Ic value, and the it was more deformed for larger critical currents. The magnetization
of the iron sheath during the calculation of current-voltage (I-V) curves explains this process.

Every measurement of I-V (increase and decrease of transport current) induces a variation in
the self-field. This, in turn, influences the magnetic state of iron [109]. The 𝐼𝐼𝑐𝑐 anisotropy of

single-core MgB2/Fe/Cu tape was measured in low external fields 𝐵𝐵a = 0 − 2.5 T. The
modified field direction stemming from the anisotropic behaviour was demonstrated through
Fe-sheath magnetization [108].

Besides performing transport dc calculations of Ic(B) for Bi2223/Ag tapes prior to and after
placement of an iron sheath around the tapes, Kovac et al. [110], also suggested a model
developed based on the nullification of both the self and external fields in the iron sheath on
one side of the strip. In addition, they also proposed a model based on the cancellation of the
self-field and external field in the iron magnet on one side of the strip. Contrary to the
expectations from the common magnetic shielding by an iron sheath, this process resulted in a
decrease in the average field within the iron magnet. Such a mechanism proves worthwhile
only if the applicable components of iron magnet are not completely magnetized.
This chapter aims to investigate transport measurements of YBCO thin films surrounded by
different magnetic environments (shielding). Comparisons are made for the critical current in
a thin film both with and without the magnetic environment for different geometries of the
magnetic environment and different distances between the thin film and the magnet(s). An
exploration has been conducted on the critical current behaviour for different temperatures,
ranges of fields, and field orientations.
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5.2 Experimental details
Using the procedure described in Chapter 3, YBa2 Cu3 O7−δ thin films were grown by pulsed
laser deposition. The thin films evaluated in this study had an acceptable thickness, ~ 200 nm,

since a perfect thickness exists for the efficiency of YBCO. The integral abilities of the films
are decreased in thinner YBCO films. The surface becomes coarse in thicker YBCO films, and
the attractive properties of the film are reduced unless a multilayered structure is added. So,
the optimal thickness is realized at the maximum of the critical current density Jc as a function

of the film thickness. Due to the limitations of the current source, this was a maximum of 100
mA. Two types of samples were studied in this chapter: (i) A superconducting bridge was made
by a lithographic process, as explained in section 3.6. A thin film was patterned into bridge

30 μm wide and 3000 μm long between voltage pads, as shown in Fig 5.1(a). (ii) For the other
samples that were studied, the thin films were cut into strips 1 mm wide and 5 mm long by a

SYJ-400 Precision CNC Dicing saw, as shown in Fig 5.1 (d). This SYJ-400 saw is used for
precision cutting and dicing of crystal wafers, ceramic wafers, and glass wafers. In fact, it is
designed for dicing and cutting almost all kinds of materials, with a positional accuracy of 0.01
mm, a two-dimensional sample stage with built-in 360° degree horizontal rotation or manual
operation. It also includes a 90-degree cross vice and one vacuum chuck. This capability
allowed the cutting of thin films in approximately equal dimensions, as shown in Fig 5.1(b).
To ensure good electrical communication between the sample and a measurement probe, gold
pads, shown as bright squares in Fig. 5.1, were installed. Using the Quantum Design (PPMS)
four-probe technique (Figure 5.1(c)), the ac transport loss was determined for one YBCO thin
film sample with and without a soft magnetic environment. For all positions, using the fourprobe method, the critical current Ic was always calculated along the magnetic field direction.
To increase and also decrease the external magnetic field, a criterion of 10-4 V cm was used
(with the distance between voltage taps set at 3 mm). The thin film calculations were restricted
to temperatures of 77 K to 91 K due to the obvious limitations of the current source.
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Figure 5.1 (a) YBCO thin film patterned into bridges by optical lithography, (b) YBCO thin
film cut by SYJ-400 Precision CNC Dicing saw, (c) sample puck for transport and resistivity
measurements, and (d) the SYJ-400 Precision CNC Dicing saw.

5.3 Superconducting properties
5.3.1 Transition temperature, Tc
The common temperature dependence of the resistivity of YBCO thin film is shown in Figure
5.2, when zero external field is applied at temperatures ranging from 120 K to 50 K. As
indicated by the area between the dotted lines, the resistivity of the thin film enters the
superconducting transition at 90.4 K ± 0.2 K and ends up as zero resistance at 87 K. Moreover,
the inset panel shows a sharp transformation with a width ΔT of 1.5 K (from 90% to 10% of
the normal state resistivity). So far as the normal state is concerned, at higher temperature, there
is a linear temperature dependence of the resistivity, but a large rounding of the signature is
evident close to the transition temperature.
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Figure 5.2 Typical temperature dependence of the resistivity of an YBCO thin film measured
in zero applied external field.
Fig. 5.3 depicts the influence of the temperature variable on the resistivity of the
superconducting bridge (bare and with magnetic environment) samples under a range of
varying magnetic fields, with the maximum value reaching 3.5 T. The onset of
superconductivity was nearly 90 K at zero field; this reflects the transition to the
superconducting state. A transition broadening with the field is apparent. The onset of
superconductivity shows a shift towards lower temperature with increasing applied external
field. Contrary to that, a decrease in the samples with magnetic environment resistivity was
observed, showing that it did not depend on the applied magnetic field.
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Figure 5.3 Typical temperature dependence of the resistivity of a YBCO thin films with and
without magnetic environment measured in different applied external fields (0 to 3.5 T).
The decrease in resistance can be studied by preventing the entrance of the magnetic field into
the sample. Moreover, the decrease in Tc in shielded samples can be understood by; (i) the
particular electronic arrangement of Fe, which alters the phonon frequency and/or the electronphonon coupling strength that are essential for Tc in a Bardeen-Cooper-Schrieffer (BCS)
phonon-mediated superconductor [44], (ii) the placement of the magnet directly above the
bridge and its installation with adhesive tape, which resulted in it working as a thermal
insulator, as opposed to the calculations done for the sample without packaging.

5.3.2 Transport critical current
Contact measurement (transport measurement) is the most accurate form of measurement for
the critical current density Jc. Unlike magnetic measurement, this method of measurement does
not imply any theoretical model. The advantages of transport measurements are two-fold. This
method of measurement is not just integrated in the Quantum Design PPMS with a set of
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transport options, but using this method means that one can also determine Jc at various angles
𝜃𝜃 between the film surface and the applied magnetic field.

Figure 5.4 Typical I-V curves for bare YBCO thin film at different temperatures (85, 85.5,
86, 86.5, 87, 87.5, 88, 88.5, 89, 89.25, 89.5, and 90 K).

Figure 5. 5 Typical I-V curves for bare YBCO thin film for different fields within the abplane at 86.5 K.
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A number of thin films were cut to the size of 1 mm width, 5 mm length, and a thickness of

200nm. These were a mixture of both shielded and non-shielded samples. These films were
then used to measure I-V curves. Figures 5.4 and 5.5 exhibit the curves obtained for YBCO

thin films at various temperatures and fields. At lower temperatures, the I vs. V curves show

three distinct regions with the maximum slope located in the middle range, but as the
temperature increased, a gradual disappearance of the knee defining the crossover to maximum
slope was observed. It was observed that below the depinning current Id, the vortices were
pinned with the superconductor in a zero-voltage state, while above this current, dissipation
was caused, since the vortex lattice moves in the flux-flow state. The critical current density
was calculated by the PPMS software from the current-voltage features using a voltage
parameter of 10-4 V cm. At the critical current, the occurrence of instability causes switching
of the superconductor to the normal state. For instance, Figure 5.6 shows the field dependence
of Ic at 86.5 K at different fields ranging from 0 T to 4 T. The maximum values of Ic at low
field are apparent. For this measurement, the critical current density Jc was calculated by
dividing the critical current Ic by the transverse cross-sectional area S of the superconductor, Jc
= Ic/S.

Figure 5.6 (a) Field dependence of Ic within the ab-plane at 86.5 K, (b) the critical current
density Jc, obtained by dividing the Ic by the cross-sectional area S, 𝐽𝐽𝑐𝑐 = 𝐼𝐼𝑐𝑐 ⁄𝑆𝑆.
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5.3.3 Transport measurements for shielding on different sides [111, 112]
The critical current densities 𝐽𝐽coc of YBCO thin films 200 nm × 1 mm × 3 mm shielded by iron
on one and two sides (Fig 5.7) were acquired from transport measurements at different
temperatures and are shown in Figure 5.8. We are now examining the values of Jc in the flux-

free state of the thin film depending on the particular side that was shielded. Iron blocks, 2 mm
× 2 mm × 5 mm in size, were mounted directly above and below the superconductors, as shown
in Fig. 5.7(a and b). The significant impact of shielding on Jc enhancement is evident from the
two sets of Jc curves exhibited in Figure 5.8. One set, defined by symbols and connecting lines,
illustrates 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the thin film sample when shielded on one or two sides. Whereas, the other
curve represented by bold lines, provides 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 for the bare thin film. It can be clearly seen

that 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of two-sided magnetic environment samples exceeds 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the samples with one-sided
magnetic environment and further exceeds 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 of the bare thin film samples for various

ranges of field and temperature values. It is apparent that the form of all Jcoc curves is affected
by the sheath’s presence.

Figure 5.7 Schematic illustration of measurement of YBCO with shielding on different sides.
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Figure 5.8 Temperature dependence of 𝐽𝐽𝑐𝑐 for a thin film with iron blocks located on different
Figure 5.7 Schematic illustration of measurement of YBCO with shielding on different sides.
sides of the film, as shown in Fig 5.7(a and b). The symbols and connecting lines denote the
behaviour of the film in the magnetic environment, whereas the bold line denotes the bare
film.
There is a strong improvement in with the low temperature region (T = 87 K), and it is
somewhat reduced with an increase in the temperature, as is evident. The traditional behaviour
is depicted by the unshielded current curve [27].
Given the conditions of a bias current of 10 μA and a field with range ± 3 T, the
magnetoresistance calculations obtained at temperatures of 80, 85, and 90 K are shown in Fig.

5.9, which depicts the impact on films shielded on one or both sides. In high and low magnetic
field regimes, the figures shows different behaviour in terms of magnetoresistance compared

to a bare sample. For the bare sample, the figure shows distinct behaviour of the
magnetoresistance in the low-field and the high-field magnetic field regimes. The weaker field
dependence seen at high fields is surpassed by the stronger one found at low fields.
Furthermore, the saturation rises in the field where magnetoresistance has grown, as a result of
its onset being shifted to higher field with a decrease in temperature. Obviously, it can be seen
that the beginning of the magnetoresistance is shifted to higher fields when the film shielding
is on one or two sides, and the field in which the resistance approaches saturation increases.
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Figure 5.9 ρ-H measurements for shielding on different sides, as shown in Fig
5.7 (a and b) at 80 K, 85 K, and 90 K.
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Figure 5.10, shows the critical current densities 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 for different side-shields. Fig. 5.7(c) and

Fig. 5.7(a) shows the magnet set beside and above the film, respectively. It can be clearly seen

that the 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the shielded samples with the magnet above the thin film exceeds 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the
shielded samples with the magnet next to the film at low temperatures. As can be seen in Fig.
5.10(b), at increased temperatures, there is an obvious intersection of the curves of the shielded

films with each other. When the magnet was beside the film, the shielded film performed better.
In the results obtained from shielding on one side, enhancement of the critical current density
can be clearly seen. Previous theoretical studies expected the current to be redistributed if the

Figure 5.10 Temperature dependence of Jc at fields of 0 and 0.1 T for shielding on different
sides (next to the sample and above it) as seen in Fig. 5.7(a and c). The symbols and
connecting lines denote the behaviour of the film in the magnetic environment, whereas the
bold line denotes the bare film.
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magnet approached the surface of the superconductor and the current distribution became
increasingly uniform, with the maximum total current growing concomitantly when the
shielding approached the thin film [23, 100]. In addition, the shielding works to prevent or
delay the entry of the magnetic field into the sample. This leads to stabilization of the Meissner
state on the side with the iron shielding [7]. Moreover, considering flat shields, there is a
decrease in the current peaks at the edges and greater uniformity of the current distribution,
when the entire surface of the thin film is covered by the shield [76]. As for the results obtained
with the shielding next to the film, as in Fig. 5.7(c), theoretical studies predicted that the current
from the vicinity of the magnet would be pushed to the centre of the sample [67, 72].
Experimental studies based on the magneto-optical Faraday effect showed that normal flux
distribution entry occurs at the unsheathed edge of the sample, but no flux entry was observed
at the edges in the proximity of the soft magnetic material [24]. When there was shielding on
two sides, however, the current peak on both sides adjacent to the iron pieces decreased
substantially. and there was a slight increase at the centre of the thin film when the thickness
of the iron and the distance were also held constant[77]. This experiment characterizes the
effectiveness of the shielding; it is proportional to the enhancement ratio of the total current in
a flux-free thin film protected from flux entry by an edge barrier [7, 23, 24]. Because of the
thickness of the substrate (0.5 mm), there is a distance between the superconductor and the iron
piece. This distance affects the results obtained, as will be discussed in the next section.

5.3.4 Dependence of shielding on distance
Theoretical studies suggest that an important factor that has an impact on the current
distribution is the distance between the shielding and the superconductor [7, 76, 77, 113]. It
anticipates that, if the distance between the film and the magnet varies, there will also be a
strong change in the current dispersion through a wide superconducting thin film. The YBCO
thin film was fragmented into strips 1 mm wide and 5 mm long. and a magnet with dimensions
of 2 mm × 5 mm × 5 mm was used to shield it, as shown in Fig 5.11, to enable transport
measurements to be conducted. Fig 4.12 shows various Jcoc curves drawn with bold lines and a
group of curves drawn by joining lines and symbols, which overall provides with Jcbare of bare

thin film. Various apply fields (0 and 0.1 T) used to measure some curves are only shown in
this study.

104

Figure 5.11 Schematic illustration of measurement of YBCO with different distances
between the thin film and the magnet.

Different values of the critical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 exist because of different values of the

distance between the superconductor and the iron shielding. Nevertheless, based on the aboveperformed study of the one-sided shielding there is clear improvement of the critical current
density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 when the thin film edge approaches the magnet boundary. Previous theoretical

studies led to the expectation that achieving direct contact between the superconductor and the
magnet would lead to complete suppression of the current peaks at the edges [101]. In addition,
the distribution of the static magnetic field around the superconductor film, the distribution of
the sheet current in the film, and the maximum total current carried density by the film can be
controlled by changing the distance between shielding and the superconductor film. One can
observe that at reduction the distances the current distribution reproduces the pattern
characteristic of the shielding film. When the magnets approach the film to a distance the
current starts to redistribute to the center of the film [77]. In this configuration, the current is
expelled from the flux-free edge region, while remaining for close contact of the magnets with
the film. In addition, the major part of the film remains flux-free even at high total current 𝐼𝐼 =

𝐼𝐼c , the critical current of the shielded film, thus resembling the current distribution in a

magnetically screened superconducting film with a high edge barrier against flux entry.

Moreover, the magnetic field around the thin film is increased at the edge, so when we use
metal with high permeability, it leads to a reduction of the field concentration in the edge of

the thin film and pushes the current from the edge to the centre of the sample. When he distance
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Figure 5.12 Temperature dependence of the critical current density 𝐽𝐽𝑐𝑐 for thin film with an

iron block located at different distances from the film, as shown in Fig 5.11. The symbols and
connecting lines denote the behaviour of the film in the magnetic environment, whereas the
bold line denotes the bare film.
between the YBCO thin film and the shielding is increased, this lead to an increase in the field
concentr ation and degradation of the current. So, the maximum total flux-free Meissner current
density which may be carried by the film grows, in the configuration considered, in a manner
that is approximately proportional to the inverse magnet-superconductor distance [101, 114,
115].

5.3.5 Angular-dependence transport measurements of the critical current
density of an YBCO thin film with and without magnetic environment
The easiest way of analysing the properties of the flux line lattice (FLL) that are angledependent in YBCO is through calculation of the transport critical current density Jc in a
magnetic field that has been established at various angles to the c-axis. Such measurements
reference a broadening in the resistive transition with increasing applied field in measurements
on both single crystals and thin single crystal films [116, 117]. As per the results, this rise is
dependent on thermal stimulation, which indicates its relationship to thermally activated flux
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creep. The flux creep is closely linked to the structure adopted by the FLL. So, particularly
valuable information can be obtained from the analysis of the dependence of Jc on the
orientation of Ba. Fig 5.13 shows a schematic illustration of measurement of YBCO strips
shielded by iron at different angles 𝜃𝜃. The angle 𝜃𝜃 is between the applied field and the
superconducting c-axis. The angle 𝜃𝜃 = 0° corresponds to the applied field.

Figure 5.13 (a) Schematic illustration of measurement of YBCO at different angle𝑠𝑠 𝜃𝜃, (b)

direction of the magnetic domains in the B ⊥ 𝑐𝑐 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, (c) direction of the
magnetic domains in the 𝐵𝐵‖𝑐𝑐 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, and (d) horizontal rotator and its sample holder for
measuring the angular dependence of the resistivity.

Figure 5.14 shows the field dependence of the critical current density of the bare YBCO film,
at 77 K for the two extreme configurations, perpendicular and parallel. It can be clearly seen
that, for fields with 𝐵𝐵a ⊥ 𝑐𝑐 − axis, the decrease in Jc with increasing field is quite small, unlike
the 𝐵𝐵a ‖𝑐𝑐 configuration. This dependence is an indication of strong, isotropic pinning centres,

with very few 𝑐𝑐 − axis correlated pinning centres to support Jc in the perpendicular
configuration. The 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of the YBCO film shielded by iron as a function of 𝜃𝜃, in two different

applied fields (0.5 T and 1.5 T) at a temperature of 82 K, is plotted in Fig 5.15.
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Figure 5.14 Field dependence of the critical current density in the bare YBCO thin film with
200 𝑛𝑛𝑛𝑛 × 1 𝑚𝑚𝑚𝑚 × 3 𝑚𝑚𝑚𝑚 for fields oriented along 𝐵𝐵𝑎𝑎 ‖𝑐𝑐 (circles) and along 𝐵𝐵𝑎𝑎 ⊥ 𝑐𝑐 − 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
(squares). 𝜃𝜃 The angle between the film surface and external magnetic field.

The magnetic field applied along sample’s c-axis (Ba) is associated with angles 𝜃𝜃 =
0° , 180° , and 360° while the magnetic field applied along film surface or the sample’s ab-

plane is associated with angles 𝜃𝜃 = 90° and 270° in the rotating scans. It can be seen that the

values of the critical current density Jc along the ab-plane are at a maximum at all applies fields.
The field dependence of the critical current density Jc at 84 K in different orientations are

shown in Fig 5.16, while the field dependence of the critical current density enhancement 𝜂𝜂 =
𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 ⁄𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is shown in Fig 5.17. It can be seen that at 𝜃𝜃 = 90° the enhancement 𝜂𝜂 is close to
1.2.

The 𝐽𝐽c − angle dependence in low applied field 𝐵𝐵a = 0.5 T is nearly constant for orientations
close to parallel to the field (0° − 60° and 160° − 230° ), but extremely high overcritical

current 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 values are observed when the magnetic field is aligned to the shielded planes.
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Figure 5.15 Angle-dependent critical current density of YBCO film shielded by iron (symbols

and connecting lines) and bare film (lines) in 82 K, at different external fields
(0.5 T and 1.5 T).

Figure 5.16 The field dependence of the critical current density of YBCO film shielded by
iron, measured for four external field orientations(0° , 40° , 70° , 𝑎𝑎𝑎𝑎𝑎𝑎 90° ) at 84 K.
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Figure 5.17 The field dependence of the critical current density enhancement 𝜂𝜂 = 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 ⁄𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
at 84 K in different external field orientations(0° , 40° , 70° , 𝑎𝑎𝑎𝑎𝑎𝑎 90° ).

In low applied field, 𝐵𝐵a = 0.5 T, the values observed for the 𝐽𝐽𝑐𝑐 − angle dependence are almost

constant for orientations nearly parallel to the field (0° − 60° and 160° − 230° ) ; in the case

where the magnetic is being parallel to the shielded surface, however, the overcritical current
𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 shows very much higher values. At 90° and 270° , 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 peaks are evident, with somewhat

asymmetrical peaks at higher external field. Increasing the external field (𝐵𝐵a ) enhances the
anisotropy of the 𝐽𝐽𝑐𝑐 , so that narrow peaks of 𝐽𝐽𝑐𝑐 are formed, with the development of the

maximum peak when a perpendicular magnetic field is applied. The obtained angular curve
presents a shape similar to that obtained for low Tc Nb3Sn [111, 118]. A more uniform current

distribution is observed in the iron-shielded thin superconducting film as compared to that with
anisotropic pinning. Considering this particular case, magnetization of the iron shielding
affected the 𝐽𝐽𝑐𝑐 curve.

The ratio of the overcritical current 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 to the critical current 𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 gives the critical current

density enhancement (𝜂𝜂). Mathematically, 𝜂𝜂 = 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 ⁄𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 when the external field conditions

are (𝐵𝐵a = 0 to 1 T) and the temperature conditions are T = 84 K. It can be seen that the η ratio
increases with an increased angle between the external field and the thin film. This increase is

seen within the region of 𝐵𝐵a = 0.3 T for the complete angular range, but above the Ba =

0.35 T, the 𝜂𝜂 ratio for 𝜃𝜃 = 0° and 𝜃𝜃 = 40° slightly decreases with increasing external field.
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The first decrease in 𝜂𝜂 with field in intermediate fields is an observed effect, arising from the

interactions of the external field with the iron-sheath and superconductor. In addition, this
increase remains constant up to 𝐵𝐵a = 1 T for 𝜃𝜃 = 70° and 𝜃𝜃 = 90° . The described 𝜂𝜂 is

attributed to the ferromagnetic iron shielding, which is magnetized by the external field [108].

Figure 5.18 Volumetric Lorentz force 𝑓𝑓𝐿𝐿 = 𝐼𝐼𝑐𝑐 × 𝐵𝐵 as a function of the external magnetic
field at 84 K.

In Figure 5.18, the Lorentz force per unit flux line length 𝑓𝑓𝐿𝐿 = 𝐼𝐼𝑐𝑐 × 𝐵𝐵 was calculated for all

measured samples. It is seen that the Lorentz force curve 𝑓𝑓𝐿𝐿 in the case of a parallel applied

magnetic field 𝐵𝐵a ⊥ 𝑐𝑐 (𝜃𝜃 = 90° ) surpasses the 𝑓𝑓𝐿𝐿 associated with the perpendicular field

orientation. The main factor responsible for the contrast between the most extreme estimations
of 𝑓𝑓𝐿𝐿 for samples measured in parallel and perpendicular magnetic field applications is found

to be of the increase in the transport current. In low field, high deformation is observed in the
all of the 𝑓𝑓𝐿𝐿 curves. For instance, the local maximum is found for 𝑓𝑓𝐿𝐿 (𝜃𝜃 = 0° ) at a field related

to the usual maximum of 𝑓𝑓𝐿𝐿 (𝜃𝜃 = 90° ).

In our SC thin film with magnetic environment, the magnetic environment is positioned above
the SC thin film. In this particular case, when 𝐵𝐵𝑎𝑎 = 0, the piece of magnetic material such as

iron spontaneously divides into separate domains, rather than existing in a state with
magnetization in the same direction throughout the material, so as to minimize its internal
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energy. When an external current is applied, it will generate a self-field. This means that the
magnetic domain will be aligned with the self-field so that they point in the same direction.
The magnetic flux is “absorbed” by the iron and prevents flux entry into an edge of the sample.
Furthermore, the iron induces a current opposite to the external one along the sample edges.
Therefore, the resulting current at the edges is decreased, and the current at the centre increases.
This effectively recovers the superconductivity and increases 𝐽𝐽𝑐𝑐 . On increasing the self-field

by increasing the external current, however, this leads to saturation of the Fe shielding. After
saturation of the Fe shielding, flux lines start to enter into an edge of the sample again.

When the external field is applied (perpendicular orientation 𝐵𝐵a ‖𝑐𝑐 (𝜃𝜃 = 0° )), 𝐵𝐵a > 0 . In this
case, it is depends on the strength of the magnetic field. When 𝐵𝐵a ≤ 𝐵𝐵self field , the external
field will be cancelled by the self-field in the iron shielding. This explains the existence of a
plateau in the 𝐽𝐽𝑐𝑐 curves field between (0 and 0.02 T) in Fig 5.16. With increasing external field

𝐵𝐵a > 𝐵𝐵self field , the external field begins to overcome the self-field. The direction of magnetic

domains in the iron starts to change into the direction of the external magnetic field. The
increase in current density depends on the temperature and the applied external magnetic field.

At the temperature of 82 K, the overcritical current 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 increases up to 1.5 T. Conversely, at

84 K, the rise in overcritical current 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 is observed only in the region of 0 to 0.28 T. In the

region of 0.29 T, there is slight decline in 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 and significant decline above 0.1 T. The opposite
is observed, however, in case of alignment of magnetic domains in the iron with applied

external magnetic field, as depicted in Fig 5.13(c). The superconductivity of the SC film is

destroyed when the total magnetic field converts into the external field after saturation of the
magnetization field in the Fe shielding. The same results were reported by Ref. [7].
In case of parallel application of the magnetic field orientation, 𝐵𝐵a ⊥ 𝑐𝑐 (𝜃𝜃 = 90° ), the field is

parallel to the thin film, and also to the current. The results showed similar improvement of
overcritical current 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 to that of 𝜃𝜃 = 0° but the improvement was always bigger than that for

the external field was used in this experiment. When, 𝐵𝐵a = 0 and 𝐵𝐵a ≤ 𝐵𝐵self field , its behaviour
is similar to that with the applied perpendicular external field. With increased external field,

𝐵𝐵a > 𝐵𝐵self field , is the external field begins to overcome the self-field. The direction of magnetic

domains in the iron starts to change as they align themselves with the direction of the external
magnetic field, as seen in Fig 5.13(b). The magnetic domains in the iron become aligned along
with the thin film and with the applied external magnetic field. So, the total magnetic field
inside the thin film above the saturation field of magnetization in the Fe shielding did not
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change. The magnetic flux was “absorbed” by the iron and prevented flux entry into the edge
of the sample, so we observed higher 𝐽𝐽c values. This is in agreement with the results of Ref.
[7]. In the theoretical model and experimental results in Ref [7], the effect of the current
induced magnetic field on the magnetization of the iron sheath was neglected.

5.3.6 Transport measurements of the critical current density of YBCO thin
film with different shielding shapes

Figure 5. 19 Schematic illustration of measurement of YBCO films for different magnetic
environments.
In the presence of the high permeability of a soft magnet environment, the magnetic field
around the thin film and, concomitantly, the current distribution in the film should somehow
change depending on the geometry of the magnet [7, 72, 76]. An obvious decrease in the selffield influence on the film is seen when special magnetic shields are used to decrease the
density of the critical current density as well as the magnetic flux close to film edges. In
addition, the possibility of this control is based on the fact that magnetic field lines are
practically perpendicular to the surface of the bulk high-permeability magnets, which allows
one to locally manage the field lines, as is shown in Fig. 2.15. Hence, it is possible to achieve
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non-dissipative overcritical states characterised by high transport currents in comparison to
bare films by making use of an appropriate magnetic environment. The outcomes obtained for
some of these geometries of magnetic environments will be discussed in this section. These
environments are characterised by significant decline of the current peaks at the edges of the
film and stabilization of the Meissner state. The measurements made for YBCO with respect
to various shielding shapes are depicted in Fig 5.19.
As is evident from Fig 5.19, various shielding shapes such as circular, horseshoe-like, twosided, and triangular, along with the bare film, have been used and the temperature dependence
of the critical current density 𝐽𝐽𝑐𝑐 for each of these shapes is shown at 𝐵𝐵a = 0 T in Fig. 5.20. The
shielding shapes were changed while keeping all other conditions constant when taking

measurements. The overcritical current in YBCO thin films is very sensitive to change in the
magnetic environment around the superconductor film. It is clear that the shape of all
overcritical current 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 curves is influenced by the presence of the sheath. As is apparent, there
is a strong improvement at low temperature, which is slightly decreased with increasing
temperature. The temperature dependence of the critical current density enhancement 𝜂𝜂 =
𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 ⁄𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is shown in Fig. 5.21. It can be seen that the enhancement 𝜂𝜂 is close to 1.

Figure 5.20 Temperature dependence of the critical current density 𝐽𝐽𝑐𝑐 of YBCO films for

different magnetic environments shapes, as shown in Fig 519. The symbols and connecting
lines denote the behaviour of the film in the magnetic environment, whereas the bold line
denotes the bare film.
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Figure 5.21 Temperature dependence of the critical current density enhancement 𝜂𝜂 =
𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 ⁄𝐽𝐽𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 in field= 0 T, for different magnetic environments shapes.

Fig 5.22 depicts the impact of various forms of shielding, as evaluated by magnetoresistance
measurements. The measurements of resistance versus magnetic field (R-H) for four tested
forms or shapes were performed under the conditions of current biasing mode with low
frequency of 1 Hz and AC excitation of 10 μA. The outcomes of transport measurements taken
at the temperatures of 88 K, 89 K, and 90 K were confirmed by R-H measurements taken at
constant temperature. The value of magnetoresistance turned out to be positive in the
superconductivity phase.
Different forms of shielding gave different outcomes. The reason for this disparity is explained
as follows. For the unsheathed film, the sharp rise in the current at the edges of the
superconductor strips allows the absorption of magnetic transition prompting a nonlinear
electromagnetic reaction and accordingly, weakening the efficiency of superconductors such
as transmission lines and filters. The past outcomes are clarified in Chapter 4 and the start of
this chapter. The combination that gave optimum outcomes involved the placement of a thin
film that was shielding on both sides with a minimum distance maintained between the film
and the magnetic environment. In this combination, the edge current peaks are lower, creating
a practically uniform sheet current distribution.
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Figure 5.22 R-H measurements for different shielding shapes, as shown in Fig 5.19, at 88, 89,
and 90 K. The symbols and connecting lines denote the behaviour of the film within the
magnetic environment, whereas the bold line denotes the bare film.
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For circular shapes, the results obtained show the best performance, again bearing a
resemblance to the predictions derived from numerical studies on a thin superconductor strip
inside a cylindrical magnetic cavity with high permeability. When the cavity radius is small,
penetration of magnetic flux fronts is strongly reduced as compared to the situation in a bare
film. Even for total currents almost matching the critical current of the film, the major part of
the superconductor remains flux-free [96, 119]. Additionally, the distribution of current can be
adjusted to redistribute the current from the edges, which are flux filled towards the flux-free
central part of the film [23, 75, 98, 120]. Furthermore, the theoretical models indicate that the
reduction of AC loss by a factor of N-1 can be achieved for a cylindrical cable by coating them
with soft-magnet sheaths covering N superconductor filaments. The decoupling of the
filaments induces the reduction of AC loss [121]. By virtue of the magnetic shielding effect,
the reduction of AC losses has been confirmed when using composite superconductor cables
coated with magnetic sheaths [64, 70].
The options for their geometrical design were motivated by previous theoretical realizations
that open magnetic environments yield distinct redistributions of the sheet current towards the
centre of the film associated with significant enhancement of the total loss-free current that can
be carried by the film, and by the expectation of particularly strong shielding effects. For the
horseshoe-shaped and triangle-shaped magnet configurations, as shown in Fig. 5.19(c and d),
theoretical studies have shown that the lines of the magnetic field on either side of the strip
take on virtually circular shapes far away from the heterostructure, just as for an isolated strip.
They show refraction at the almost orthogonally intersected surfaces of the magnets and
enhanced concentration inside. This leads to a general feature in open configurations, where
the sheet current redistribution in the strip shows the appearance of a central, elevated plateau.
Its height depends on the width of the superconducting tape or strip and the distance between
the magnet and the edge of the superconductor [7, 65, 76]. On the other hand, in previous
studies, special attention was paid to magnetic poles, where strong magnetic fringing can be
found. This fringing has a strong perpendicular component with respect to the broad surface of
the film and will reduce the critical current density Jc correspondingly, when the width of the
sheath extends to a certain value [103]. The reason for the deterioration of the current density
in horseshoe-shaped and triangle-shaped magnet configuration can be explained from our
results. At low magnetic field, the self-field compensates the external field.
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Like in the flux-free Meissner state, when the distance between the sheath and superconductor
is fixed, substantial redistributions of the sheet current towards the centre of the film associated
with significant enhancements of the total loss-free current that can be carried by the film occur
here too, again bearing resemblance to the predictions of numerical studies of a thin
superconductor strip adjacent to a semi-infinite magnetic environment of finite permeability
[65, 66]. This effect gets more pronounced with increasing values of magnetic permeability
and the distance between the sheath and superconductor. In the non-dissipative overcritical
states with the highest values of the total current achieved, regions of the merely infinitesimal
extent of the marginal parts of the film are penetrated by magnetic flux, the major part of the
film remaining flux-free. This clearly marks a situation where the penetration of magnetic flux
is inhibited by pinning of magnetic vortices at internal defects, and the (field-independent)
critical sheet current value Jc takes over the role of the characteristic barrier sheet current
identified for the Meissner state. If, contrary to our assumption, Jc were dependent on the local
magnetic field, the profiles of the magnetic flux in the flux-filled marginal parts of the strip
might change; such a contingent dependence would not, however, preclude the existence of a
central, flux-free zone crucial to the appearance of overcritical states[77].
These practical results, obtained for different magnetic environments, open up new vistas of
research directed at optimizing the magnet configuration surrounding a thin, magnetically
shielded superconductor strip with respect to the morphology, so as to achieve the maximum
enhancement of the total transport current.

5.4 Summary and Conclusion
The focus of this chapter was to study the overcritical state of YBCO superconductor thin films
shielding by a soft magnetic environment in different geometric shapes and at varying
distances. By applying a magnetic field with different orientations to the surface of the sample,
results were obtained by testing the YBCO superconductor under the same conditions as
applied on the bare film. The magnetic screening of the superconductor film is strongly affected
by the geometrical shape, where the best combination arises from shielding on 2 sides or in a
circular shape enclosing the superconductor, so as to limits the distance between the magnet
and the film.
Through the results obtained from the thin YBCO film shielded by iron, the enhancement of
the critical current density can be clearly seen. These improvements depend on the location of
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the shielding. When the shielding works to prevent or delay the entry of the magnetic field into
the sample, this will lead to stabilization of the Meissner state on the side with the iron
shielding. If the shield is on top of the film, there will be flattening of the current distribution
and lower current peaks at the edges of the sample. As for the results obtained from the
shielding next to the film, theoretical studies predict that the current will be pushed from the
vicinity of the magnet to the centre of the sample. On the other hand, in a magnetic material
such as iron at Ba = 0 T, there will be a spontaneous division into separate domains, rather than
the iron existing in a state with magnetization in the same direction throughout the material, so
as to minimize its internal energy. When an external current is applied, it will generate a selffield. This means that the magnetic domains will be aligned with the self-field, and they point
in the same direction. The magnetic flux is “absorbed” by the iron, preventing flux entry into
an edge of the sample. Furthermore, the iron induces a current opposite to the external one,
along the sample edges. Therefore, the resulting current at the edges is decreased, and the
current at the centre increases. This effectively recovers the superconductivity and
increases 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 . Increasing the self-field by increasing the external current, however, leads to

saturation of the Fe shielding. After saturation of the Fe shielding flux lines start to enter into
the edge of the sample again.

Significant current redistribution is highly dependent on the distance of the magnet from the
superconducting film. Different values for the distance between the iron magnet and the
superconductor lead to different values of the critical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 . In this study, the film

shielding on one side showed improvement in its critical current density Jc when the film edge

is closer to the magnetic environment. If the distance between the sheath and the YBCO thin
film is increased, it results in an increase in the concentration of the field and loss of current.
An increase in the flux-free Meissner current density is directly proportional to the inverse of
the distance between the magnet and the superconductor, considering the distinct configuration.
Measurements were made for the overcritical current 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 of samples which were shielded and
bare at 82 K and 84 K with different directions of the external magnetic field 𝐵𝐵a . The results

showed an increase in the critical current in the low field region 𝐵𝐵a < 0.28 T in the presence of
the iron shielding, but the Jc values were still higher for 𝐵𝐵a = 1.5 T. However, in case of ‘weak

pinning’ for 𝐵𝐵a ‖𝑐𝑐, an increase in the transport current led to a slight variation in the
𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 characteristic, and in case of strong pinning with 𝐵𝐵𝑎𝑎 ⊥ 𝑐𝑐, it was seen that there was a

systematic change in the 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 curve.
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With the help of transport measurements, gives the ability to study how the critical current
density is distributed in a thin YBCO film surrounded by soft magnets of different shapes. The
environments which are have studied show that the circle shape magnetic environment
represents a tube, the horse-shaped magnetic environment shows a concave open cavity, the
triangle shaped magnetic environment show the convex open cavity, and shielding the magnet
on either side results in sandwich. There is increase in the total loss free current when the sheath
is at two sides or of a circular shape. The improvement is more for the circular shape compared
to the two-side sheath. The average flux density in the sample is influenced by the external
field and is lower in the centre due to the influence of the external field. The current is pushed
from the edges to the centre of the sample due to the current redistribution.
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Chapter 6
The effect of angular dependence and vibration on the magnetization
and critical current density of YBCO superconductors
6.1 Introduction
One of the conventional methods that is used for verification of the models for the motion and
pinning of vortices in the mixed state of type-II superconductors is the magnetization
measurement method [122, 123]. Investigation of the vortex dynamics in such a
superconductor at high frequency is well known to yield information related to the mixed state
[124]. It was shown in a recently published study conducted on superconducting bulk materials
and thin films that an increase in the amplitude or frequency of vibrations will lead towards the
gradual reduction of the critical current density as a function of the applied magnetic field [6].
Additionally, the published study also documented the mechanical fluctuations of these
superconductors in a constant DC field [81, 125-136] and the behaviour of the superconductors
when they were exposed to electromagnetic fields at various frequencies [91, 93, 100, 137139]. The frequency has a significant effect on the response of a superconductor. This is well
described by the mean field model, through considerations of the energy of the vortices in a
magnetic field and the de-pinning energy [130, 140]. In an investigation of the range of
superconducting properties from the Meissner state to the melting transition, based on the
vortex transitions of the superconductor sheath and the two co-existing orthogonal vortex
lattices, was carried out by using the vibrating reed technique [93].
Generally, in a homogenous magnetic field, the periodic movement of a superconductor causes
the redistribution of the vortices because of the ac super-currents that are generated [141].
These super-currents depend on the amplitude of the oscillations, the magnitude of the field,
and its homogeneity. In the case of tilting of the superconductor relative to the c-axis, this
process is reminiscent of the so-called flux-line walking. A small ac current is induced by the
in-plane magnetic field oscillations (resulting from the deviation of the magnetic field direction
from sample's c-axis), which tends to tilt the vortices at each cycle of the oscillations. In this
way the flux line lattice (FLL) is forced into its equilibrium position. When the frequency of
the oscillations increases, they lead towards more periods of relaxation per second, and as a
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consequence, a stronger decrease in the magnetization Jc is seen. In general, the shape of the
magnetic-field lines available in the specimen does not overlap with the vortex shape, and they
can be measured through small-angle neutron scattering [135]. The pinning is influenced by
the curvature of the flux lines and their misalignment with respect to the linear or flat pins.
Mostly, it is assumed that the vortices of the superconductor are only tilted by a small angle
when a small ac current is applied perpendicularly to a large dc field. That is certainly the case
when the vortex lattice is in the equilibrium state, but when a significant critical current is
circulating in the sample, the periodic tilt is accompanied by a drift of vortices. These drifts
produce an electric field that promotes the decomposition of the currents that are circulating in
the critical state, and therefore, the drift puts the inhomogeneous distribution of the magnetic
induction in a critical state into an equilibrium state. This drift of the vortices affects the vortexshaking phenomenon. The drift mechanism is dependent on the mutual orientation of the ac
field and the circulating currents in the critical state of the superconductor [130, 136, 142].
This project examines the lowest frequency range that has been investigated to date in this area,
which is applicable to rotating superconducting systems, such as flywheels, motors, power
generators (e.g., windmills), etc. [6]. A surprisingly strong influence on the superconductor’s
behaviour at low temperature is shown here. The measurements as a function of angle between
the magnetic field and the sample planes are particularly interesting as they may reveal whether
the observed anomalies occur because of the vortex diffusion or whether they are a phase
transition of the FLL.
A vibrating sample magnetometer (VSM) was employed in these measurements, which is the
commonly used approach for the determination of the current-carrying capabilities of
superconductors. The vibration effect on transmission capabilities of the superconducting
current at various angles and frequencies is empirically studied. When this influence is
understood, it also allows one to study the possible suppression of superconducting properties
by the vibrations at low frequency/amplitude that exist naturally in practical applications of
superconductors.
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6.2 Details of the Experimental Procedure
The procedure for pulsed laser deposition that is described in the Chapter 2 was used to make
the YBa2 Cu3 O7 thin films. The magnetization measurements were performed with the help of

a Quantum Design VSM (PPMS), employing various frequencies (10 to 60 Hz) and amplitudes
of the VSM (2 mm, if not mentioned otherwise). The sample used was mounted on a straw

(non-magnetic) rod, and an external magnetic field was applied perpendicular to the surface of
the sample. As seen in Fig. 6.1, the sample can be tilted by cutting the straw at various angles 𝜃𝜃.

The angle measuring tools such as protractors can be used to cutting the straw at various angles

θ. After that the samples are fixed with sticky tape. The field sweep rate was 𝑑𝑑𝑑𝑑𝑎𝑎 ⁄𝑑𝑑𝑑𝑑 = 5 ×

10−3 T/s. The critical current density 𝐽𝐽𝑐𝑐 (𝐵𝐵, 𝜃𝜃) was determined from the magnetization
measurements using the Bean formula 𝐽𝐽𝑐𝑐 = 3∆𝑀𝑀/𝜔𝜔𝜌𝜌 [6, 143, 144].

Figure 6.1 Geometry of the angular studies: The external magnetic field is applied along the
c-axis. θ is the angle between the surface of the sample and the orientation of the external
magnetic field 𝐵𝐵𝑎𝑎.

6.3 Results and discussion
In previous studies, a model has been developed, and successfully verified for the
characterization of critical current density Jc in YBCO thin films at high temperatures [5, 6,
91], although this model was not able to match the critical current curves obtained by VSM
measurements in the PPMS with default VSM settings. The VSM measured critical current
density curves were fitted by the model employing a corresponding criterion only after
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considering the minimization of the vibration frequency. The obtained results indicate that the
deviation of the critical current density curve Jc(Ba) from the expected curve induced by the
sample’s vibration points to the tremendous impact of the VSM vibration on the critical current
of an YBCO thin film at a high applied external magnetic field[5].
In Fig. 6.2, the critical current density Jc(Ba) data obtained on the VSM at different VSM
frequencies are plotted. The change in vibrational frequency ranged from 10 Hz to 60 Hz, while
the rest of the parameters were kept constant with 𝑑𝑑𝑑𝑑𝑎𝑎 ⁄𝑑𝑑𝑑𝑑 = 5 × 10−3 T/s. The constant

parameters were associated with the magnetization measured with respect to magnetic field as
per VSM measurements. Among the constant parameters, the vibrational amplitude was 2 mm
and time per measurement was 3 seconds; the applied external magnetic field 𝐵𝐵𝑎𝑎 was

perpendicular to the surface of the sample. The results showed the pronounced influence of the

sample vibration frequency on the critical current density calculated from the magnetization
hysteresis loops at high temperature and field. The Jc(Ba) decreased significantly with
increasing 𝑓𝑓, and the deviations were more pronounced with increasing magnetic field.

It is natural to suppose that the vibrations cause perturbations in the vortex dynamics, inducing
relaxation leading to Jc(Ba) degradation. For the lowest frequencies, these perturbations
become negligible. This is consistent with the results and the model calculations obtained in
previous studies [5, 6], which correspond well to the data obtained for the lowest frequency
used (𝑓𝑓 = 10 Hz), in sharp contrast to the VSM default settings, as shown in Figure 6.2.
At low temperatures (T < 40 K) the measurements of the curve show the anticipated critical
current and an undisputed vortex state or motion. At low temperatures, there is no significant
impact of the change in vibrational frequency on the Jc curve, but under similar conditions at
high temperatures (T = 77 K), high vibrational frequencies cause the depletion of the critical
current density. Increasing vibration with the increasing frequency and applied magnetic field
affecting the change in Jc(Ba). When applied magnetic field increases above 𝐵𝐵𝑎𝑎 ≥ 1.25 T, the
effect of sample vibration on Jc(Ba) becomes more evident. When the magnetic field remains

in the range of 0.5 to 2.0 T, the degradation of Jc begins, decreasing down to a half or a third

as the vibrational frequency increases. Following the same approach yields the same result for
different films at variable frequency. This behaviour is consistent with that reported for other
films measured at different frequencies by the same approach, in which the degradation in Jc
occurs at high temperatures [5, 6]. The kink (shown by the solid circles in Fig. 6.2(c)), is a
characteristic feature of all Jc(Ba) curves measured at a substantial frequency (f > 10 Hz).
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Figure 6.2 Critical current density dependence on applied magnetic field of YBCO thin film
at T = (a) 10, (b) 40, and (c) 77 K measured in VSM in a PPMS at 𝑑𝑑𝑑𝑑𝑎𝑎 ⁄𝑑𝑑𝑑𝑑 = 5 × 10−3 𝑇𝑇/𝑠𝑠
and different vibrations of frequency 𝑓𝑓 and amplitudes A = 2 mm.
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In these curves two kinks are clearly visible. They appear at Ba ~ 0.25 T and 0.5 T (or higher,
depending on the parameters of the measurements), and are likely to indicate some transition
in the vortex state/motion. In previous studies [6], the position of the kink on the Jc-axis mostly
depends on 𝑓𝑓, while the position on the Ba-axis is primarily determined by amplitude 𝐴𝐴.

This chapter is dedicated to a detailed study of the vibration effect on the ability of YBCO to
carry a superconducting current, to demonstrate that the vibration effect exists at all
temperatures. In order to gain insight into the vibration effect on the critical current density of
YBCO thin films, the critical current density and the magnetization hysteresis curves were
studied with different angles between the surface of the sample and the orientation of the
external magnetic field 𝐵𝐵𝑎𝑎.

6.3.1 Influence of vibrations on Jc (Ba) for different field angles 𝜽𝜽

For further investigations of the vibration effect YBCO superconducting sample when
measured on the VSM with varied 𝑓𝑓 and 𝜃𝜃. 𝜃𝜃 is the angle between the surface of the sample

and the orientation of the external magnetic field. In Figure 6.3, Jc(Ba) curves measured on the

VSM with different vibration frequencies 𝑓𝑓 , 𝜃𝜃, and amplitude 𝐴𝐴 (2 mm). The measurements

were performed under the same conditions. The curves measured with fixed angles are shown
with the same colour, while the curves measured with fixed frequency are shown with the same
shape of the symbol. When a magnetic field is perpendicular to the surface of the sample, the
results obtained from the thin film are in general agreement with the data reported in the
literature for superconducting YBCO films [6]. In addition to this, the effect of the sample

vibration on the Jc(Ba) becomes more noticeable when we increase the angle between the caxis and the external field in various ways: (i) The effect becomes more apparent with
increasing angle between the surface of the sample and the external field, Ba. At 75o, the curves
measured at the frequency 𝑓𝑓 = 10 𝑡𝑡𝑡𝑡 30 Hz, the effect becomes visible. (Note that upon
increasing frequency in a range ≥ 40 Hz, the effect of vibration becomes noticeable, and the
Jc degradation arises due to the influence of the applied magnetic field.) (ii) Interestingly, when
𝜃𝜃 ≤ 60o, significant degradation occurs in the Jc. The effect of vibration can be clearly observed

between the curves measured in the frequency range 𝑓𝑓 = 10 to 60 Hz. This degradation

increases with increasing applied magnetic field. (iii) The highest degradation occurs at 30o
and 40o, where a kink in the Jc(Ba) curve is also measured. Each Jc(Ba) curve measured with
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frequencies of 10 Hz, 20 Hz, and 30 Hz exhibits kinks, identified by the circles in Figure 6.3,
and its position on the Ba−Jc scale depends on angle and frequency of the VSM.

Figure 6. 3 Critical current density dependences on magnetic field of YBCO thin film at T =
10 K, measured at 𝑑𝑑𝑑𝑑⁄𝑑𝑑𝑑𝑑 = 5 × 10−3 𝑇𝑇⁄𝑠𝑠 and different 𝑓𝑓 (10 to 60 Hz) and angles (30o,

45o, 60o, 75o, and 90o) shown in semi-log plots. Circles indicate kinks on the Jc(Ba) curves.
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Vibrating the sample in an inhomogeneous magnetic field, or with a tilt between the c-axis and
the external magnetic field 𝐵𝐵𝑎𝑎, leads to the appearance of a small ac current [5, 6, 130]. This
small ac current depends on (1) the applied magnetic field, (2) the tilt angle 𝜃𝜃, and (3) the
frequency 𝑓𝑓. This current in turn generates a small ac magnetic field, which leads to a
progressive reduction of Jc as a function of magnetic field Ba. In addition to that, the sample is

shielded by surface currents (dynamical Meissner state) penetrating only a thin surface layer.
At high enough temperatures, this small ac field (perturbation of the FLL) entirely penetrates

the sample [145]. This is the state where the flux-line lattice overcomes the pinning barriers if
the diffusion time 𝜏𝜏(𝐵𝐵𝑎𝑎 , 𝑇𝑇) is much smaller than the period of the vibration. Moreover, the

continuity of the flux yields a reduction of the flux density in the superconductor [145]. Both
effects result in a decrease of the measured component of the magnetization. It is expected that
this inclination of the magnetization would produce components perpendicular to the external
field.
In an inhomogeneous magnetic field, periodic movement of a superconductor leads to
redistribution of vortices, caused by the ac supercurrent, which is heavily influenced by the
intensity of the inhomogeneous magnetic field and the amplitude of oscillations. In the case of
tilting of the superconductor relative to the c-axis, this process is reminiscent of the so-called
flux-line walking described in [130] and observed in [131-133]. A small ac current is induced
by the in-plane magnetic field oscillations (resulting from the deviation of the magnetic field
direction from sample's c-axis), which tends to tilt vortices at each cycle of the oscillations, so
that FLL is forced into a lower energy position [5]. If the frequency of oscillations increases, it
leads to more periods of relaxation taking place over the same period of time and hence, to a
stronger decrease in magnetization Jc [6].

6.3.2 Influence of vibrations on 𝑱𝑱𝒄𝒄 at different temperatures

Greater insight into Jc(Ba) variation due to vibration can be obtained by examining the impact
of various temperatures (10 K, 40 K, and 77 K) on YBCO thin film at distinct angles 𝜃𝜃 =

75𝑜𝑜 , 60𝑜𝑜 , and 45𝑜𝑜 (Figure 6.4). The Jc(Ba) curves were measured on the VSM with amplitudes

𝐴𝐴 = 2 mm, and all the measurements were performed under the otherwise same conditions.
The curves measured with fixed frequency are shown with the same colour and the same shape
of the symbols. The critical current densities of the thin films were essentially the same at low

vibration frequencies (10 and 20 Hz), whereas the film measurements at high vibration
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frequencies exhibited lower Jc. In addition, the relative difference in Jc between the different
frequencies increased with increasing temperature and with increasing angle. At 77 K, a
significant degeneration of Jc occurred at frequencies greater than 20 Hz. The Jc degradation
created due to the impact of the vibration parameters compared with the undisturbed state
reached its highest factor of approximately 30 for the curve determined at a frequency of 40
Hz.

Figure 6. 4 Critical current density dependence on magnetic field of YBCO thin film at
different temperatures (10 K, 40 K, and 77 K) measured at 𝑑𝑑𝑑𝑑⁄𝑑𝑑𝑑𝑑 = 5 × 10−3 𝑇𝑇⁄𝑠𝑠 for
different 𝑓𝑓 and different angles (75o, 60o, and 45o), as shown in semi-log plots.
129

Sample vibration affects the Jc(Ba) curves in YBCO thin films in distinct ways: (i) When the
angle or temperature increases, the impact of the vibration frequency increases. The impact is
quite clear at 𝜃𝜃 = 75𝑜𝑜 , when the applied magnetic field increases above 2 T at the temperature

of 10 K, 1.25 T at the temperature of 40 K, and 0.2 T at the temperature of 77 K, respectively.
(It should be observed that when Ba increases, the impact of vibration becomes more evident

in the flux jump region, which decreases when there is an increase in temperature.). (ii) Sample
vibration at a greater frequency causes a decrease in critical current density. On the other hand,
this effect becomes more pronounced in lower magnetic fields and when there is an increase in
the angle. It is interesting to note that considerable degradation take places in these
measurements of critical current density Jc at the frequency of 40 Hz. This frequency offers the
ideal conditions for a high sensitivity study of these effects.

6.4 Influence of vibrations and tilt angle on the magnetization of 𝒀𝒀𝒀𝒀𝒀𝒀𝒀𝒀
thin film
Before analysing the results obtained from measurements of magnetization curves, the
essentials of magnetic moment development in superconductor thin films should be discussed.
Fig 6.5 shows the dependence of the superconductor magnetic moment on the change in
ascending and descending magnetic fields (from both field cooled (FC) and zero field cooled
(ZFC) states) for type-II superconductors, both free of pinning centres and with some pinning.
In magnetization measurements of a zero-field cooled (ZFC) sample, when the applied external
magnetic field increases from zero field, a negative magnetic moment is established by
Meissner currents. The magnetic moment initially grows linearly with external magnetic field
(Ba), regardless of the pinning. Meissner currents, creating a “compensation flux”, prevent the
magnetic field interform entering the sample and keep the sample free of magnetic flux until
the first critical field (Bc1) is reached. Note that, when a perpendicular magnetic field is applied,
it causes a large demagnetization factor for thin films. Therefore, an applied field less than Bc1
can cause local penetration of magnetic field. When the magnetic field (Ba) exceeds Bc1,
magnetic flux starts entering the sample, and the formation of vortices starts at the edge of the
sample, while the Meissner currents encourage vortices to move into the body of the
superconductor (without considering edge barriers), where they are distributed into an ideal
Abrikosov lattice if no pinning is present. On mesoscopic length scales (> 𝜆𝜆), the
superconducting currents surrounding each flux line average to zero, except in a surface region.

At the surface of the sample, these currents are directed opposite to the Meissner screening
current and decrease the ideal Meissner screening. There is negative magnetization reduction
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with strong nonlinearity after Bc1 is crossed because a certain amount of nonuniformity in the
flux distribution across the sample is enforced by the Meissner currents. Another possible
reason for this nonlinearity is the nontrivial dependence of the penetration depth on the current
in d-wave superconductors: λ(𝐽𝐽, 𝑇𝑇) = 𝜆𝜆0 (𝑇𝑇) + 𝜆𝜆𝐽𝐽 (𝑇𝑇)𝐽𝐽2 , where 𝜆𝜆2 =

𝜆𝜆𝑜𝑜 𝑏𝑏(𝑇𝑇)
�𝑗𝑗 2, 𝑏𝑏(𝑇𝑇) is an
𝑐𝑐

angle-averaged coefficient that diverges as 1/𝑇𝑇 at low-temperature, and 𝑗𝑗𝑐𝑐 is the depairing
critical current[146, 147]. Permeation of magnetic flux and decrease of the magnetic moment
in an ascending magnetic field continues until the second critical field (Bc2) is reached, where

the sample stop being superconducting and the magnetic field inside the superconductor is:
����⃗
����⃑for 𝐵𝐵𝑎𝑎 > 𝐵𝐵𝑐𝑐2 . Without pinning, the magnetic moment dependence in a descending
𝐵𝐵𝑎𝑎 = 𝜇𝜇𝜇𝜇𝐻𝐻
applied magnetic field is completely reversible. The sample switches into the superconducting

state after the magnetic field decreases and crosses Bc2, and the magnetic flux in a sample
quantises and starts fleeing from the sample (due to the Meissner effect), increasing the

negative magnetization. In a descending magnetic field, magnetization reaches its maximum
around Bc1 when the last vortices leave the sample and only Meissner currents are left. Upon
further decrease of magnetic field, the magnetic moment is reduced because of diminishing
Meissner currents and becomes zero at zero magnetic field [5].

Figure 6. 5 Schematic illustration of the magnetic moment dependence on descending and

ascending applied magnetic field in a type II superconductor with pinning and without
pinning [5].
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The dependence of magnetic moment on applied field changes drastically when pinning centres
are introduced. After Bc1 is reached from the ZFC state in an ascending magnetic field, the
magnetic flux starts to penetrate the sample, but vortex propagation is obstructed by pinning
forces. According to Maxwell’s laws, pinned vortices create an additional gradient of magnetic
field in the film and increase the circulating current in the film. Thus, −𝑀𝑀 keeps increasing
with field (see the additional red section on 𝑀𝑀(𝐵𝐵𝐵𝐵) dependence from the ZFC state in Figure
6.5). At a certain magnetic field, full penetration is reached, as indicated by a maximum of −𝑀𝑀

measured from the ZFC state. After full penetration, the magnetization decreases in an
ascending magnetic field for the same reason as in the pinning-free case, but the pinning centres
maintain a certain gradient of the vortex distribution and keep the magnetization −M larger in
magnitude than in the pinning-free superconductor. As a result, the pinning energy is a
decreasing function of magnetic field. Consequently, the pinning-induced gradient of the
vortex distribution decreases in a growing field; the magnetization approaches that of one of
the superconductors without pinning. Figure 6.5 shows that at certain field, the irreversibility
field (Birr), the pinning energy becomes negligible; clearly, starting from this field,
magnetization of a superconductor with pinning matches that of one without pinning.
When the magnetic field decreases from above Bc2, the scenario repeats for a pinning-free
superconductor. Indeed, when a descending magnetic field crosses Bc2, vortices are created,
but the pinning force is negligible. Thus, there is no difference between these two cases until
Birr is reached, implying that the state of a superconducting sample field-cooled at Birr < Ba <
Bc2 is identical to the ZFC one after Ba is applied.
In a descending Ba after Birr is crossed, the pinning becomes substantial. Vortices continue
leaving the sample, reducing the magnetic moment, but due to pinnin,g another gradient of
vortex distribution (opposite to the one in an ascending magnetic field) is formed that decreases
the −𝑀𝑀 compare to reversible case. The irreversibility field Birr obtained its name because at
magnetic fields below Birr, the hysteresis loop becomes irreversible, and at Ba = Birr, vortices

start/stop interacting with the pinning centres, as was demonstrated above. When the magnetic
moment decrease further, the pinning force increases, and at some point, the magnetic moment
created by the vortex distribution suppresses the one due to the Meissner effect (Figure 6.6).
Both pinning and magnetization continue to rise in a descending magnetic field. At zero field,
a complicated remanent state is created, where some magnetic flux is trapped in the

superconductor due to strong pinning forces. This state becomes the starting point for the fieldcooled (FC) magnetization measurements necessary for critical current determination. When
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the magnetic field, applied to an FC superconductor with pinning, increases from zero,
Meissner currents are first created, and the magnetic moment is reduced relative to the FC one.
Then vortices start to penetrate the sample, and the magnetization −M starts to decrease. (Note
that the new vortices have the opposite magnetic flux direction compared to trapped ones.) At
a certain field, full penetration occurs where all the trapped vortices are annihilated by the
penetrating ones, and the magnetization keeps decreasing in an ascending magnetic field
according to scenario described above.
Note that energetically superconducting states are different in ascending and descending
magnetic fields. In ascending and descending magnetic fields far from the full penetration field
without surface barriers and the Meissner effect, the magnetic field distribution in the
superconductor does not depend on the magnetic field sweep direction and is defined
completely by the circulating critical current Jc(Ba).

Figure 6. 6 Schematic distribution of the magnetic flux in ascending and descending
magnetic field at the same Ba within the Bean model [6].
In Figure 6.6, the distribution of magnetic field in a superconducting strip of width 2𝑤𝑤 within
the Bean model for ascending amd descending magnetization branches is shown schematically.

(Note that the distribution of magnetic field in thin films is similar.) The free energy of the

superconductor can be represented in the fashion of the London equation as [148];
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����⃗
�⃗
𝐹𝐹 = 𝐹𝐹0 + ∫�𝛾𝛾𝐽𝐽𝑐𝑐2 + 𝐵𝐵
𝑎𝑎 𝐻𝐻 /2� 𝑑𝑑𝑑𝑑

(6.1)

where 𝐹𝐹0 is the free energy of a superconductor at zero field and current, the first term under
integral, 𝛾𝛾𝐽𝐽𝑐𝑐2 , is the total kinetic energy of all superconducting charge carriers

(where 𝛾𝛾 includes the mass, density and charge of charge carriers), and the second term is the

magnetic energy. It is obvious that the first term under integral, being defined by the applied
magnetic field only, is the same in both ascending and descending magnetic fields, while the
second term is higher in a descending field. as follows from Figure 6.6. Hence, the
thermodynamical stimulus towards minimum energy (uniform flux distribution across the
sample and suppressed current) is stronger in the descending magnetic field due to the higher
free energy [5].

6.5 Complexity of the vibration effect on the magnetization of an YBCO
thin film at different angles
In Figure 6.7 and Figure 6.8, the magnetic moment dependences on applied magnetic field at
different angles are shown in the magnetic field region from 0.01 T to - 5 T. (These data were
used for the calculation of critical current density Jc in Figure 6.4.) As discussed in the previous
section, regardless of the measurement conditions, such as temperature, frequency, angle, or
applied magnetic field, all hysteresis loops have a certain asymmetry between the
magnetization branches for ascending and descending magnetic fields (with field sweep
directions shown by arrows). This asymmetry is the most pronounced for magnetization
measured while decreasing the angle and with high frequency (best seen in Figure 6.7 for the
curve measured at 𝜃𝜃 ≥ 75° and measured at 𝑓𝑓 ≥ 40 Hz). Another common feature of the

angle-dependent curves is the appearance of noise that increases with the change of angle or
with increasing frequency.

Figure 6.7 shows the magnetization hysteresis measured at fixed temperature and with varied
angles and frequencies. The vibration effect on magnetization is significantly stronger when
decreasing the angle between the surface of the sample and the applied external magnetic field.
Furthermore, there are kink spots in ascending branches. This kink position changes with the
angle and the frequency, and it is more pronounced at the angles 𝜃𝜃 = 45° and 30° , and at the

frequencies of 10 Hz and 20 Hz.
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Figure 6.7 Magnetic moment dependence on magnetic field of an YBCO thin film at 𝑇𝑇 =

10 𝐾𝐾 at different angles with the applied magnetic field (75o, 60o, 45o, and 30o), measured
from the FC state with varied frequency.

On the other hand, when the temperature increases to T = 40 K, this kink appears on both
ascending and descending branches, as shown in Fig 6.8. In addition, these kinks disappear,
and the hysteresis loop becomes reversible at smaller applied field, with increasing frequency
and temperature. At T = 77 K, the vibration stops affecting the magnetization when the field
reaches Ba = 2 T.
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Figure 6. 8 Magnetic moment dependence on magnetic field of an YBCO thin film at
different temperatures (10 K, 40 K, and 77K), and different angles (90o, 75o, 60o, 45o ,and
30o) measured from the FC state with frequency 𝑓𝑓 = 20 𝐻𝐻𝐻𝐻 𝑎𝑎𝑎𝑎𝑎𝑎 40 𝐻𝐻𝐻𝐻.
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As discussed in the previous section in relation to Figure 6.6, this asymmetry of different
frequency effects on the different magnetization branches with increasing frequency can
indicate unequal free energies of the superconductor in ascending and descending magnetic
field [5]. Indeed, for example in the ascending field at 𝜃𝜃 = 75° , vibration of the sample at 𝑓𝑓 =
40 Hz results in only marginal magnetization reduction, i.e., the sample vibration does not
provide enough excitation for the vortex lattice to overcome the barrier to a uniform flux

distribution (including pinning). On the contrary, in descending magnetic field, the
magnetization is highly responsive to the frequency. It was observed that a stronger decrease
in magnetization was caused by vibration as the tilt angle decreased, indicating that the
interaction between the ac current produced by the vibration and the vortices led to flux
redistribution.
The asymmetry of the vibration effect with an increase in the angle can also be a result of a
different order of FLL in ascending and descending magnetic fields, which is explained as
follows. A more ordered flux-line lattice has a smaller total pinning energy [149, 150]. The
flux line lattice is less ordered when the magnetic field increases because when the flux
penetrates the superconductor, it “injects” some disorder into the lattice. Hence, vibrations
might have a stronger effect on the FLL when increasing the angle and decreasing the field due
to the reduced total pinning energy of a more ordered FLL [5].
The effect of increasing the vibration amplitude can be determined from: (i) the collapse of the
hysteresis loop to a reversible curve at a smaller applied field with decreasing tilt angle; and
(ii) reduction of the reversible (Meissner) magnetization [5]. Suppression of reversible
magnetization in the mixed state indicates an increased penetration depth 𝜆𝜆. 𝜆𝜆 is an increasing
function of both temperature and current, so reduced reversible magnetization only implies

temperature growth [5, 6]. Hence, the temperature of the superconductor is an increasing
function of angle for high-frequency VSM measurements (at least at high applied magnetic
fields).

6.6 Influence of the vibrational amplitude on the Jc of superconducting
materials
In Figure 6.9, the critical current density dependence on applied magnetic field measured on a
VSM with different settings is shown for YBCO thin-film superconductors. The critical current
density is reduced with increasing amplitude. In addition to the Jc behaviour with frequency
discussed above, Figure 6.9 illustrates the impact from varied vibration amplitude as follows.
137

Vibration at higher amplitude can induce some heating that increases with frequency. The drop
in Jc with A probably results from both factors: enhanced impact on the vortex dynamics and
the thermal effect, because a larger A can result in stronger heating effects [6]. The vibration
of an YBCO film with increased amplitude A and frequency 𝑓𝑓 provides a much higher degree

of excitation of the vortex structure. This excitation affects the FLL state, which was previously
discussed in relation to ascending and descending magnetic fields. The vibration-induced
excitations are large enough to overcome the pinning barrier and obtain a more homogeneous
distribution of vortices. In addition, a low critical current density Jc in the mixed state indicates
increased penetration depth 𝜆𝜆. 𝜆𝜆 is an increasing function of both temperature and current, and

thus, reduced reversible magnetization can only imply higher temperature [6]. Hence, the
temperature of the superconductor is an increasing function of the vibration amplitude for highfrequency VSM measurements (at least at high applied magnetic fields) [5].

Figure 6.9 Critical current density dependence on magnetic field for YBCO thin film at T =
77 K measured in VSM with different amplitudes of vibration, A. The inset shows the
frequency dependence of the critical current density at Ba = 2 T measured with different
amplitudes.
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6.7 Frequency of vibration vs. magnetic field sweep rate
It is interesting to note that in the past few studies, different values of irreversibility fields, Birr,
were obtained when different experimental methods were used. These differences stem from
differences in Jc dependence on the applied magnetic field, obtained when different methods
were used[5]. Birr is a distinct characteristic of high temperature superconductors, which
theoretically demonstrates the irreversible limit of magnetization loops [5, 151, 152]. In Figure
6.10, a graph of Birr is shown as a function of the electric field criterion on the logarithmic scale.
The standard criteria ranges for transport measurements, PPMS, and MPMS, are shown
through the dependence of Birr on electric field criteria typically used in the three commonly
used experimental set-ups: the Magnetic Property Measurement System, the Physical Property
Measurement System, and the four-probe transport current method. It can be seen in the figure
that the irreversibility fields can vary significantly, depending on the value of electrical field
used to define Birr.

Figure 6. 10 The irreversibility field dependence on the electric field criteria at T = 77 K
[5].

139

Fig. 6.9 in the preceding section, presented the response of the film to vibrations with high
amplitudes A and frequency 𝑓𝑓, as well as to the vibrations with low amplitudes A. Hence, there
should be a certain mechanism of Jc suppression through the vibration of superconductor that

does not take into account thermal induction. This mechanism should essentially depend on
specific disruption of the vortex dynamics. If the field is tilted in regard to the c-axis, the inplane magnetic field oscillations give rise to a small ac current, which causes higher disturbance
of the vortex dynamics. When this happens, there should be high sensitivity of the average
velocity of the vortex motion (〈𝑣𝑣〉), to the impact of vibration, i.e., it should be possible to scale
the impact of vibration on Jc to the ratio of 〈𝑣𝑣〉/𝑓𝑓[5, 6, 91]. Vibration assists vortex propagation,

while the speed of vortex flow v(Ba) is essentially controlled by magnetic field sweep rate

dBa/dt, as shown in Eq. 7.2 in Ref. [5]. According to our hypothesis, if we use two different
sweep rates, we should be able to scale Jc(Ba) curves with different frequencies.

Figure 6.11 Critical current density dependences on magnetic field, for which the ratios
between the sweep rates dBa/dt are the same as those between the scaling frequencies (𝑓𝑓),
measured at angle 𝜃𝜃 = 60 degrees, 𝑇𝑇 = 10 K and 𝐴𝐴 = 2 𝑚𝑚𝑚𝑚.
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Indeed, the scaling works as can be seen for the three different pairs of the Jc(Ba) dependences
for which the ratios between the sweep rates are the same as those between the scaling
frequencies (Figure 6.11) [6].
Figure 6.11 shows the critical current density Jc(Ba) dependences that were determined for
amplitude A = 2 mm, (since the thermal effect from a vibration with small A = 1 mm is
considered to be insignificant), varied frequencies, and magnetic field sweep rates correlated
with frequency 𝑓𝑓 [5, 6]. The following approach is used to plot the curves of the dependencies:
open symbols show data points for 20 Hz and solid symbols for 40 Hz with varying sweep

rates. It was demonstrated in a previous study that there is a strong correlation of the vibration
frequency with the speed of vortex motion, according to the differences in the curves for the
irreversibility field dependence on electric field criteria [5, 6].
The irreversibility field dependence on electric field criteria (Figure 6.10) actually shows that
the variation among the curves determined with 𝑑𝑑𝑑𝑑𝑎𝑎 /𝑑𝑑𝑑𝑑 = 10−2 T/s and 𝑑𝑑𝑑𝑑𝑎𝑎 /𝑑𝑑𝑑𝑑 = 5 ×

10−3 T/s (𝑑𝑑𝑑𝑑𝑎𝑎 /𝑑𝑑𝑑𝑑 ratio of 2) should be approximately 0.2 T, whereas a simultaneous decrease

in the VSM frequency by a factor of 2 almost causes these curves to coincide [5, 91]. More
remarkable results are obtained when considering the curves obtained with 𝑑𝑑𝑑𝑑𝑎𝑎 /𝑑𝑑𝑑𝑑 = 25 ×

10−3 T/s and 𝑑𝑑𝑑𝑑𝑎𝑎 /𝑑𝑑𝑑𝑑 = 2 × 10−2 T/s that are depicted with squares, where 𝑑𝑑𝑑𝑑𝑎𝑎 /𝑑𝑑𝑑𝑑 varies

a by factor of 1.5): the variation in Birr (Figure 6.10) is expected to be over 1 T, whereas the
actual variation shown in Figure 6.11 that is achieved by modifying the frequency to maintain

〈𝑣𝑣〉/𝑓𝑓 is less than 0.5 T. When the conductor is set at an angle, this difference interestingly

increases, with the magnetic field Ba increasing by over 1.5 T. It is shown by the dependence

on critical current density Jc(Ba) on the ratio 〈𝑣𝑣〉/𝑓𝑓 that there is a powerful impact of vibration

on vortex dynamics while measuring with the VSM. This is a substitute method for suppressing
Jc to vibration-induced heating [5, 6, 91].

6.8 Possible origin of vibration-induced phenomena
To suppress superconductivity while carrying out the VSM measurements, the propagation of
the vortex lattice is likely to be facilitated by the vibrations of superconductors. The major
reason for this facilitation may be the variations in the experimental conditions or environments
that are usually presumed to be consistent. The impact of small non-uniformities on the
magnetization measurements have been presented in various studies carried out in the past. For
instance, it was shown in Ref. [153], that the outcomes of dc-magnetization, M(T),
141

measurements on YBCO single crystal with the magnetic field parallel to the c-axis, with field
inhomogeneities of ~ 0.005%, give rise to certain artifacts in the magnetization curves and

cause a general decline of magnetization in MPMS measurements. The degree of this

inhomogeneity in MPMS measurements was examined in Ref. [154]. It was found in this study
that these inconsistencies led to a positive magnetization at T < Tc in field-cooled magnetization
measurements as a function of temperature, which is referred to as the Paramagnetic Meissner
Effect (PME)[5]. Temperature dependencies of the magnetic moment have been gauged in
YBCO thin films in Ref. [93]. The Koshelev-Larkin model was used to examine the
paramagnetic Meissner effect[155]. It was determined that the origin of the PME is actually
linked to the nucleation and inhomogeneous spatial redistribution of the magnetic vortices
within a sample that has been cooled down in a magnetic field. Furthermore, there is high
sensitivity of the distribution of vortices to the relationship between the film properties and the
actual experimental conditions of the measurements. The paramagnetic Meissner effect was
based on the fundamental idea of the inhomogeneous flux compression that may occur due to
the inhomogeneous superconducting transition. This mechanism may be brought about by nonuniformities of the temperature and the applied magnetic field Ba [93, 134, 155]. It was
demonstrated in all of the earlier studies that a significant role is played by inhomogeneity in
superconductor behaviour, and it is considered as one of the key reasons for the decline in
Jc(Ba) with vibrational frequency in our study.
Generally, all inhomogeneity in the measurement environment can be explained as magnetic
and/or thermal inconsistencies. Two possibilities for thermal perturbations exist: (i) BardeenStephen heating that is brought about by periodic vortex motion; and (ii) the actual temperature
inconsistency in the sample space (if it is presumed that this motion is brought about by
vibration of the superconductor) [92]. Any vibration-induced heating would lead to a drop in
the potential pinning barrier, which is proportional to the density of moving vortices (i.e. Ba)
and the vibration frequency [6, 91]. When it is assumed that the overall decrease in critical
current density through vibration at high frequency f and amplitude A was brought about by an
increase in temperature, then the greatest increase in temperature that was attained by the
vibration of an YBCO film was approximately 5 K [5]. This significant change in temperature
could be, in principle, measured by the PPMS thermometer, although it did not happen in
practice.
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Figure 6.12 System components for PPMS VSM option, and the internal dimensions of a
standard coilset puck.
The change in sample temperature could not be detected for several reasons: (i) there is a gap
of ± 2 𝑚𝑚𝑚𝑚 between the sample and thermometer, as shown in Fig 6.12; (ii) the heat produced

by the increased vibration is insufficient to significantly change the temperature of the
environment surrounding the sample; and (iii) because the sample is mounted on a plastic straw

and fixed to it with a tape, so the heat transfer to/from the sample would be very slow. The
change in temperature may be insignificant when measurements are taken at low temperatures.
On the other hand, it can have a noticeable effect when measurements are made near Tc.
These considerations show that, while vibration does generate a certain thermal effect, the
critical current Jc(Ba) drop due to a purely thermal response is expected to be relatively small
[5, 6]. The main role in VSM measurements should be played by magnetic fluctuations. Small
magnetic field disruptions occur due to at least three sources that can emerge while carrying
out VSM measurements: (i) inhomogeneity of the magnetic field along the sample c-axis, since
any movement of the superconductor thin films along its c-axis during the measurement makes
the superconductor susceptible to field inhomogeneity [156]; (ii) inhomogeneity of the
magnetic field in the plane perpendicular to the c-axis, so that the superconductor would feel
any displacement from perfect c-axis movement (refer to Figure 6.13(a)); and (iii) tilting of the
superconductor thin film relative to the external magnetic field Ba.
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Figure 6.13 (a) The hypothetical case of the very small tilt angles 𝜃𝜃, where 𝜃𝜃 denotes the
angle between the external magnetic field Ba and c-axis.

It is the geometric construction of the PPMS superconducting magnets that gives rise to the
first two sources, whereas the third source is a topic discussed in this chapter. Additionally,
there are several mechanical imperfections in the vibration process. The superconductor thin
film oscillations along the c-axis for VSM measurements are greater than one order of
magnitude; hence, it is likely that all three sources of field disturbances are equally significant.
On the other hand, the causes of the disturbance (i) are evident: the displacements from the caxis; (ii) the superconductor tilt, since, as controlled in this study, it was noted that the
degradation increased with an increase in tilt; and (iii) may be expected because of in-plane
swings of the sample rod in sample oscillations in the PPMS [5]. When measurements are
carried out at an angle of 0° , the two processes (ii) and (iii) may occur when there is a small tilt
in the sample in the holder away from the c-axis. When the sample is tilted intentionally, greater

disturbances are created by reasons (ii) and (iii). It is demonstrated in Figures 6.12 and 6.13(a)

that the the sample can shift its central position by up to 3 mm, being limited by the size of the
coilset puck and the sample size.
When the sample is vibrating over the x-axis (Fig. 6.13), the vortex disturbances are based on
the effective cross-sectional area of the sample in relation to the x-axis, i.e., perpendicular to
the x-axis. There is an increase in this area with a decrease in the tilt angle, i.e., the angle
between the c-axis and the external magnetic field (Figure 6.13(a) and (b)).
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When a superconductor thin film vibrates periodically in an inhomogeneous magnetic field, it
causes redistribution of vortices and the respective super-currents. The Flux Line Lattice (FLL)
distribution and pinning centres determine the redistribution of vortices and supercurrents due
to such vibration. These vibrations give rise to the supercurrents, based on the extent of field
inhomogeneity, and amplitude A and frequency 𝑓𝑓 of the vibration.

With respect to the tilting of the superconductor in relation to the c-axis, the process gives rise
to what is known as flux-line walking [130-133]. This process takes place when a weak ac
magnetic field applied perpendicular to the dc field creates an ac voltage in the strip. The weak
ac field is induced during VSM measurements by the vibration of the sample in the
inhomogeneous dc field. This ac voltage leads to the decay of the critical currents circulating
in the superconductor strip, and finally, a new equilibrium state of the superconductor strip is
established [130]. It is believed that the small in-plane ac field “shakes” the vortices out of
pinning centres and leads to their relaxation. This relaxation does not occur because of
thermally activated flux creep, but because of the “walking” movement of vortices within the
two-dimensional critical state of the strip with an in-plane ac field [5, 130, 134, 135]. A small
ac current is induced by in-plane magnetic field oscillations (resulting from magnetic field
direction deviation from the sample’s c-axis), which tends to tilt the vortices at each cycle of
�⃗
the oscillations, so that the FLL is forced into more equilibrium position, decreasing 𝛻𝛻�⃗ × 𝐵𝐵

[5]. If there is an increase in the frequency of oscillations, it gives rise to number of relaxation
cycles that take place each second, and hence, it causes a more powerful decline in the critical
current density Jc. This shaking is bound to have occurred in the experiments performed within
this project, especially when the tilt angle of the sample changes.
The vibration along the c-axis takes place in a slightly inhomogeneous magnetic field, and the
tilting of the superconductor in relation to the c-axis also shows somewhat identical effects, as
may be anticipated from Vibrating Reed (VR) experiments in perpendicular magnetic fields
[136, 157]. The vibration of the sample in an inhomogeneous magnetic field or sample tilt
(generating an ac field) would develop small perturbations of the FLL, which would travel
through the superconductor depending on the sample geometry and ac field orientation,n
according to the diffusivity of the magnetic flux [158]. The damping peak achieved from VR
measurements at a specific constant diffusivity 𝐷𝐷 = 𝜌𝜌⁄𝜇𝜇0 coincides with the peak obtained in

the imaginary part of the AC susceptibility measurements. This peak defines the irreversibility
(or depinning) line of the Flux Line Lattice (FLL). The depinning peak is related to the onset
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of the resistivity (𝜌𝜌) during transport current measurements [145], emerging because of the
vortex movements [5, 6]. In earlier studies [5, 6, 91], it was demonstrated that the sample
vibration had a distinct impact in VSM related to that expected from the VR technique. Here,
the magnetic flux diffuses through the strip with specific diffusion times, which may be
2
2
determined using [142, 158, 159] : 𝜏𝜏 ≈ 𝜇𝜇0 𝑙𝑙3𝑖𝑖
/𝜋𝜋 2 𝜌𝜌, where 𝑙𝑙3𝑖𝑖
is an effective diffusion mode

and 𝜌𝜌 ≈ 10−14 𝑡𝑡𝑡𝑡 10−12 Ωm in accordance with the current densities and electric field criteria

in our film [5]. In this case, however, the irreversibility field should increase with increasing
frequency, as shown in [127], which contradicts to our PPMS measurements. This
contradiction and some similarity to magnetization relaxation observed upon “shaking” of flux
lines indicate that the key factor affecting the Jc(Ba) behaviour as a function of PPMS frequency

is the ac component parallel to the film surface. This means that the inhomogeneity
perpendicular to the c-axis of the magnet or the tilt of the sample are important, although the
out-of-plane inhomogeneity can also introduce an in-plane ac-field component during sample
vibration [6].
The Lorentz force that emerges from the induced ac currents causes shaking of the vortices
close to the surface, which give rise to alternating supercurrents that work on other vortices
further within the sample through interaction between the vortices. The vortex response
effectively gives rise to a redistribution of the induced ac current density, characterized by a
complex penetration depth λ, which depends upon the angular frequency, magnetic flux density
B, and temperature T. When further heat is produced from these vibrations, it is suggested by
the suppression of the reversible magnetization that the penetration depth 𝜆𝜆 increases along

with the temperature. Since the coherence length is extraordinarily small, vortex pinning is
very weak, which leads to an unusual level of thermal activation. Heating induced by vibration

would cause a decrease in the effective pinning, since it is related to the density of moving
vortices and the vibration frequency.
Finally, the explanations presented above can be used to deal with the effects of sample
vibration on the experimental results obtained in PPMS VSM measurements. The main effect
occurs through a small ac field, which lowers the effective pinning potential. There is an
increase in this ac current when the sample tilt angle 𝜃𝜃, VSM frequency 𝑓𝑓, and magnetic field

Ba increase.
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6.9 Conclusion
It was shown in this study that the VSM vibration frequency and the tilt angle of the sample
relative to the external field and the axis of vibration have an impact on the magnetization and
critical current density of superconductor thin films when they are measured using a VSM
magnetometer. Increase of the tilt angle at a vibration frequency causes a progressive decrease
in critical current density, when there is a fixed external magnetic field Ba. The following
results are obtained for thin films: (i) when the angle between the applied magnetic field and
the c-axis is increased, it has an impact on the critical current density of the superconducting
sample, irrespective of measurement temperature, and there is an increase in the impact with
increases in the Vibration frequency and the applied magnetic field Ba; (ii) the vibration effect
is more intense at angles of 45o and 30o,and it becomes noticeable at smaller magnetic fields
and relatively higher critical current densities; and (iii) the vibration creates kinks in the critical
current density Jc(Ba) curves, which suggests a specific vortex state/motion disturbance, with
the kinks becoming more evident when the angle, amplitude, and/or frequency increase; and
(iv) there is an impact of sample vibration on the flux jump process during measurements of
the magnetization [5].
A key reason for the continuous decline in critical current density is the creation of an ac
electric field. This electric field only emerges when the sample is tilted away from the c-axis.
This electric field leads to periodic perturbations and is responsible for “shaking” vortices out
of the pinning centres.
It was demonstrated from an analysis of the magnetization curves of YBCO thin film at
different tilt angles that there are qualitative differences in the responses of magnetic moment
to variations in vibrational amplitude and frequency. An analysis of magnetization dependence
on the applied magnetic field measured at different vibration parameters revealed the
asymmetry of the vibration effect on ascending and descending magnetic field branches. This
asymmetry increases with increasing angle and vibration, signalling uneven states of the vortex
lattice in these two branches. Increasing the tilt angle and vibrational frequency leads to a
breakdown of the hysteresis loop to a reversible magnetization dependence, Mr(Ba). The
breakdown of magnetization to Mr(Ba) is significantly faster the frequency is varied at larger
amplitude; vibration with enhanced amplitude and frequency reduces Mr(Ba) indicating certain
thermal response.
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It was found that the Jc(Ba) dependences that were determined using different magnetic field
sweep rates at 𝜃𝜃 = 60𝑜𝑜 were scalable with the vibrational frequency, which indicates that

frequency gives rise to vortex motion due to ac current 𝐽𝐽𝑎𝑎𝑎𝑎 . Therefore, the impact of vibration
is possibly brought about by vortex dynamics, which is at high vibrational frequency and/or tilt
angles brought about by thermal and magnetic variations.

It is suggested by the conclusion given above that the vortex structure behaviour determines
the frequency dependence observed. Magnetic and thermal variations of vortex structure in
oscillating superconducting sample determine the effect of vibration on the critical current
density Jc(Ba). A limited role is played by thermal variations, and it is expected that its impact
will increase when temperatures approach the transition temperature. Vibration-induced ac
field causes relaxation of vortex structure, which decreases the critical current density in a
similar way as vortex shaking. Local ac currents are generated by the magnetic periodic
perturbations, and the vortices are “shaken” out of the pinning centres. Hence, forced relaxation
works in a similar way as “vortex shaking”.
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Chapter 7
7.1 Conclusions
The thin film of the high-temperature superconductor YBCO offer possibility applications in
the fabrication of electric power systems, includes superconducting power transmission lines,
motors, generators, and transformers. Systematic research has been done to improve the
superconducting properties of YBCO thin films. In particular, critical current density Jc has
been enhanced by introducing various magnetic environments. In addition, the effect of
frequency at different angles on the critical current density Jc was studied.
This thesis has explored the YBCO superconducting thin film’s electronic properties by the
manufacture and describe them in electronic devices. The highlighted at the outset overview of
the basic concepts of superconductivity with the electrical and structural properties of YBCO
systems, along with the methods followed to improve the current critical current density. In
addition, in chapter 3, a detailed overview of manufacturing and measurement techniques is
provided, which are used in this work. Such as, all samples in this work are grown by pulsed
laser deposition PLD and investigated magnetic and transport was performed with help of a
Quantum Design Magnetic Property Measurement System (MPMS XL) and physical
properties measurement system (PPMS), superconducting quantum interference device
(SQUID).
A nontrivial response is exhibited by the critical current density on YBCO films to the existence
of soft magnetic material with extensive permeability in its surrounding. It is demonstrated in
the studies that there is a significant increment in the overcritical current density 𝐽𝐽𝑐𝑐𝑜𝑜𝑜𝑜 in thin

superconducting film when it is placed in a soft magnetic environment with a large magnetic

permeability μ, which can show a greater transport current compared to those that would
typically be achieved in the critical state. Furthermore, the use of metal that has high
permeability does not allow magnetic flux to enter into the superconductor sample and hence,
make the Meissner state in thin films attain high values of an external field. This state was
known as the overcritical state.
Magnetization measurement studies revealed obtained by separate the magnetic contributions
of the superconducting thin film and the magnetic environment. The flux-free Meissner state
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is strongly influenced by the distinct geometry of the magnetic environment. It is shown in the
findings that there are significant redistributions of the sheet current towards the centre of the
strip, which is linked to substantial improvements in the overall loss-free current that the film
may carry, where there is magnetic environment of the most effective screening of the two
sides and a small distance between the magnet and the film. The main adjustment in the current
distribution is a decrease in the current density peak at the edge adjacent to the magnetic
environment, and an increase in current density towards the centre becomes increasingly
dominant. The dimensions of the magnet and the distance between the superconducting film
and the magnet are modified to successfully manipulate the superconducting properties. The
distance between the superconducting film and the magnets is the most significant parameter
for bringing about significant redistribution of the current. It is possible to obtain the direct
contact and ultimately full suppression of the current peaks towards the edges and to increase
the current distribution in the flux-free area at the centre. The highest critical current increase
noted was = 1.8 at 10 k on distance = 0, between the superconducting thin film and iron. Hence,
the largest total current redistribution that the film may carry increases in the given
configuration, which is almost proportional to the inverse magnetic superconductor distance.
In addition, when the dimensions of the magnet are altered, it is believed that there is an optimal
form of a magnet that offers a more robust compensation It is evident that when the thickness
of a magnetic strip is increased, the magnetic field at the edges of a superconducting strip can
be increased and kept in the middle, which is applicable in low magnetic field. In contrast,
when a finite thickness of the magnetic environment is used, the impact of the existing peak
decline at the strip edge next to a magnetic wall is determined and may be used in high-current
applications and with the high applied field. Furthermore, it was determined that when the
width of the magnetic environment is increased, the current distribution becomes flattened and
decreases the current peaks in the middle of the film.
Transfer measurements allowed further study of the effect of the presence of various
geometries and distances of a soft magnetic environment on the properties of the
superconductor. Furthermore, various directions of a magnetic field were used on the surface
of the sample. For the magnetic environments examined, these included two sides magnetic
sheath that look like a sandwich, circle-shaped signifying a tube-shape, horseshoe-shaped
magnetic environment signifying a concave open cavity and a triangle-shaped magnetic
environment significant a convex open cavity. It is shown in the findings that there are
considerable improvements in the overall loss-free current that can be carried by the film for
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the two sides and circle-shaped; however, there is a bias towards the latter kind of environment.
Furthermore, when distinct geometrical shapes are used for the sheath, the current is allowed
to be redistributed and shifted from the sample’s edge to the centre. The mean flux density
within the iron sheath is also less than the external field and the iron geometry has an impact
on its distribution.
The second section of this study examines the impact of vibrations in the current density at
various angles between the sample surface and the external magnetic field.
The effect of vibration on the behaviour of the superconductor at different angles between the
x-axis and external magnetic field Ba. The findings showed that the vibration and different
angles between the magnetic field and the c-axis have an impact on the magnetization as well
as the critical current density of superconductor thin films while carrying out their measurement
using VSM magnetometer; a change in angle or increase in vibration frequency causes a
progressive decrease in critical current density at a magnetic field Ba. Results obtained for thin
films can be summarized as follows:
•

Increasing the angle between the applied magnetic field and the c-axis affect the critical
current density of superconducting samples regardless of measurement temperature, the
effect progresses with increasing the vibration and applied magnetic field Ba.

•

There is more significant vibration impact at angles 45o and 30o; it starts occurring at
a smaller magnetic field and comparatively larger critical current densities.

•

Kinks are created by the vibration on critical current density Jc(Ba) curves, which
suggest some vortex state/motion disturbance. When the angle, frequency and/or
amplitude increases, the kinks become more evident.

•

The flux jumps process is affected by sample vibration while carrying out
magnetization measurement.

•

Progressive reduction of critical current density occurs because of the creation of an ac
electric field, which emerges only when there is a tilt in the sample from a c-axis.
Periodic perturbations are generated by this electric field, which causes vortices to
“shake” out from the pinning centres.

It was demonstrated through an analysis of magnetization curves determined for the YBCO
thin film at different angles and temperatures that there are qualitatively distinct responses of
magnetic moment to variations in frequency and amplitude. The asymmetry of the vibration
impact on ascending and descending magnetic field branches was shown in the analysis of
151

magnetization dependence on the applied magnetic field determined at distinct vibration
parameters. When the angle and vibration increases, there is an increase in this vibration, which
indicates unstable states of the vortex lattice in the two branches. When the angle and frequency
is increased, the hysteresis loop breaks down to specific reversible (Meissner) magnetization
dependence Mr(Ba). There is considerably faster breakdown of magnetization to Mr(Ba)
following a change in angle. Furthermore, when the frequency and amplitude is increased, Mr
(Ba) decreases, which depicts a specific thermal response.
It was found that the Jc(Ba) dependences measured using different magnetic field sweep rates
at 𝜃𝜃 = 60𝑜𝑜 were scalable with the respective frequency, which indicates that the vortex motion

is brought about by the frequency due to ac current 𝐽𝐽𝑎𝑎𝑎𝑎 . Therefore, the vibration impact is

possibly induced by the vortex dynamic, which is at a high 𝑓𝑓 and/or the angles facilitated by
magnetic and thermal variations.

It is indicated by the conclusion given above that the frequency dependence noted is due to the
vortex conduct. The magnetic and thermal changes of vortex structure in oscillating
superconducting sample determine the vibration effect on the critical current density Jc(Ba).
There is a comparatively small role of thermal variations, and its impact tends to increase when
the temperature approaches the transition temperature, and further measurements can be taken
to obtain precise calculations. When relaxation of vortex-lattice is facilitated by magnetic
fluctuations in a sweeping magnetic field, there is a decrease in critical current density in a
similar way as in vortex shaking. Local ac currents are generated by the magnetic period
perturbations and vortices are “shaken” out of the pinning centres. This shows that the forced
relaxation technique should be identical to the “vortex shaking” method.
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